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THE original equipment of the Yerkes forty-inch refractor 
included, as an important accessory, a universal spectrograph 
of the general type designed by the late Professor Keeler 
for the Allegheny Observatory. This instrument has been 
described in a paper by Professor Hale and Mr. Ellerman, on 
‘The Spectra of the Fourth Type Stars,’’* in which its efficiency 
for that work is clearly shown. On the inauguration of this 
Observatory it was intended that this spectrograph should be 
employed for the determination of stellar motions in the line 
of sight, a research to which the program of the director 
assigned a considerable part of the time of the great refractor. 
Professor Campbell’s remarkable work with the Mills spectro- 
graph of the Lick Observatory, described in his classical paper? 
in this JOURNAL, made it clearly evident, however, that a highly 
specialized instrument, designed for this research alone, with 
particular emphasis on stability and permanence of adjustment, 
would be needed for the best results. When the writer began 

* ASTROPHYSICAL JOURNAL, 10, 93, 1899. 2 Jbid., 8, 123, 1898. 
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his connection with the Observatory, in 1898, for the special 
purpose of undertaking this line of work, it was hoped that cir- 
cumstances would soon permit the design and construction of 
such a spectrograph. Pending the procurement of the necessary 
funds, observations were begun with the first-mentioned spectro- 
graph, many plates of stellar spectra were obtained, with the 
regular coéperation of Mr. Ellerman, and much practical experi- 
ence was gained of value in planning the new instrument. A 
method of reducing the plates was also developed, and about 
one hundred plates of stellar spectra were measured and 
reduced. During the academic year 1899-1900 the writer had 
the regular assistance of Mr. W. S. Adams, then Fellow in 
Astrophysics, in this work. After some changes in the instru- 
ment, in the summer of 1899, the spectra were considerably 
improved, and the measurements of the plates taken after that 
time showed an excellent internal agreement as indicated by the 
results from different lines. The velocity obtained from dif- 
ferent plates of the same star differed, however, more than would 
be expected with a stable instrument. It should be mentioned 
that during all the use of this spectrograph for line of sight 
work, it was also employed on certain nights of the week for 
securing spectra of stars of the fourth type, which involved a 
change of most of the adjustments and a different position of 
the prisms, with its obvious dangers. Furthermore, the spectro- 
graph was not provided with any protection from changes of 
temperature, so that progressive variations in the deviation and 
dispersion were to be expected during the exposures. The 
results of the measurements of plates taken with the spectro- 
graph have, for the most part, been left unpublished, as they 
cannot reach the new standard of accuracy set by the work of 
the Mills spectrograph. 

Under such circumstances, great satisfaction was felt on the 
receipt from Miss Catherine W. Bruce, in the autumn of 1899, 
of a gift of twenty-three hundred dollars for a new spectro- 
graph —one of the last of her many benefactions to astronomy. 
This was soon afterward supplemented by a generous grant of 
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five hundred dollars from the Rumford Fund of the American 
Academy of Arts and Sciences. It is a pleasure to acknowledge 
our deep indebtedness to the Committee on the Rumford Fund 
for this grant, without which the instrument could not have been 
completed. Lenses were at once ordered, and a number of 
samples of prisms furnished by Mr. Brashear were carefully 
tested for their suitability. The selection was made of a clear 
flint from Mantois, and an order for a sufficient quantity of simi- 
lar glass was given by Mr. Brashear. 

The design of the instrument represents the ideas of Profes- 
sor Hale and myself, carried out with the valuable assistance of 
Mr. Ritchey, who made most of the drawings, planned much of 
the mechanical construction and superintended the execution of 
the work in the instrument shop of the Observatory. 

Among the principles kept in view in the design were: (a) 
rigidity, (6) permanence of adjustment, (c) freedom from 
mechanical strain, (@) adaptability to temperature control. The 
first named is a prime necessity in case of an instrument for this 
kind of work. The exposure time must necessarily be consider- 
ably prolonged to reach the fainter stars, and the flexure of the 
parts of the spectrograph must be reduced to a minimum by 
solid and stiff construction. With a mounting as massive as that 
of the forty-inch refractor, the weight of the spectrograph is 
of little significance, and accordingly the castings and metallic 
parts generally were made of such size as to provide an ample 
margin of safety from flexure. (4) It seems practically essential 
for an instrument designed for a specific purpose like this that 
the prisms and lenses should be maintained in fixed, invariable 
positions, except in so far as the lenses require a change of focus 
at different temperatures. The necessity of any movable device 
for keeping the prisms at minimum deviation is avoided, and 
when once correctly in position they should require no further 
adjustment. (c) The various parts of the apparatus were to be 
so fitted together that mechanical strain would be avoided at 
normal temperatures, and so far as was feasible steel and iron 
were to be employed, to escape the effects due to the combina- 
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tion of metals of different coefficients of expansion. (d) Our 
own experience, as well as that of others, sufficiently indicated 
the necessity of so designing the instrument that it could be 
easily inclosed and maintained at a steady temperature, and so 
that the exposed portions could be insulated where possible. 

The dimensions of the spectrograph of course depended 
upon the size of the optical parts, in particular of the prisms. 
After careful consideration, and in accordance with the advice 
of others having experience with large prisms, we decided that 
the diameter of the beam to be transmitted by the prisms 
should not exceed two and one-half inches, and then we further 
limited it to two inches (51mm). Inasmuch as the correcting 
lens which Professor Hastings was designing for the forty-inch 
telescope was not to change the angular aperture of the great 
objective of ;',, this at once fixed the focal length of the colli- 
nator at thirty-eight inches. We desired to obtain all the 
advantage possible from a long-focus collimator, in permitting 
the use of a wider slit and consequent shorter exposure, without 
loss of purity as compared with a shorter collimator. The con- 
ditions of rigidity and compactness seemed best satisfied by a 
total deviation of 180° for the ray passing through the prisms 
at minimum. With these points settled, the mechanical con- 
struction could be planned accordingly. 

MECHANICAL CONSTRUCTION. 

Plate-II shows an elevation of the spectrograph resting on 
its carriage, on a scale of about 1:10. Mechanically considered, 
it consists essentially of two castings rigidly connected by a 
framework of steel tubes. The massive circular, ribbed iron 
casting, at the right in the figure, serves as the foundation of 
the construction. It weighs 200 pounds, and may be called the 
ring casting. From a point about 7 inches above its center pro- 
jects a very stiff hot-rolled tube of steel, 5} inches in diameter, 
1 inch in thickness, and about 28 inches long. This is very 
firmly imbedded in the ring casting, and bears at its lower end 
the casting of annealed iron to which the cells containing the 
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prisms are attached. The thickness of the sides and webs of 
this, which may be called the prism casting, is 5, inch. At its 
upper and lower ends, with centers 14 inches apart, apertures 
are provided for the passage of the beam of light from the col- 
limator and to the camera seen above. Six oblique braces of 
cold-drawn steel tubing, of(50 per cent. carbon, firmly screwed 
to lugs on this casting, give additional support to it, connecting 
it with the ring casting. The collimator and the cameras are of 
similar tubing, of diameters respectively 2% and 3% inches. The 
collimator is of course centrally situated with respect to the ring 
casting, and projects through it for about g inches. This tube 
actually supports nothing but the two-inch lens at the one end 
and the slit at the other. It has been turned true internally and 
externally at all significant points, and is attached by flanges to 
the two castings. A rack and pinion permits a sufficient motion 
of the lens in the tube for purposes of focusing. The head of 
the pinion is divided to millimeters, and can be easily estimated 
to the tenth. The camera tubes are attached to the prism cast- 
ing by three bayonet joints at their very accurately surfaced 
flanges, and are further supported by a solid bracket, with 
hinged clamp, attached at about the center of the length of the 
large 5}-inch tube. The twenty-four-inch camera is seen in 
position, the eighteen-inch lies on the carriage. Each is well 
provided with metallic diaphragms, as is the collimator tube. 
The rear end of each camera is provided with a brass frame, 
into which the plate-holder slides and is clamped by two screws, 
This frame can be tilted by a measurable amount to permit an 
improvement of the focus over an extended range of spectrum. 
A microscope with diagonal prism can be inserted in place of 
the plate-holder, for visual observations, and is shown in posi- 
tion in the figure. Ten brass plate-holders, to carry plates 2x 4 
inches in size, are provided. They are numbered with raised 
numerals, so that they can be distinguished in the dark. 

In reference to the mounting of the prisms something of a 
departure was made from recent instruments, although a similar 
arrangement has been employed by others. It seemed desirable 
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to avoid the use of springs to retain the prisms in place, on 
account of the possibility of changes of pressure with the rever- 
sal of the telescope and inversion of the spectrograph. 
Accordingly each prism was placed in an iron mounting com- 
posed of two parallel brackets of triangular area, 63 mm apart, 
rising from a plane plate of 15mm thickness, all forming one 
continuous casting. The brackets are ribbed on the outside 
surface, and are further stiffened by a short iron rod connecting 
them just outside of the refracting edge of the prism. One of 
these brackets has its inside surface very accurately worked to 
a plane, and upon it rests the smooth under surface of the glass 
prism, also ground plane, separated only by a thickness of blot- 
ting paper. A triangular plate of iron of the size of the 
prism rests upon the other surface of the prism, with a 
similar intervention of blotting paper, and is held firmly 
in place by pressure from three screws through the upper 
bracket. The pressure from these screws, being distributed over 
a plane area of not less than 58 sq. cm, or g sq. in., may be pre- 
sumed to be sufficiently uniform, and is regulated to as lowa 
value as is consistent with the safe maintenance of the prism in 
position. The position of the prism between the two surfaces is 
defined by small strips of metal which give two points of con- 
tact on the back and on each face. Thus the back of the prism 
does not come in contact with the iron base of the cell, but is 
separated from it by about 2mm, thereby reducing thermal con- 
duction from the prism to the heavier iron parts. 

The back side of the prism mounting and the outside of the 
prism casting, upon which it rests, have been given an accu- 
rately plane surface. Adjusting screws hold these two surfaces 


.in contact, but permit them to be separated should it be found 


necessary to slightly vary the incidence on any prism. A light 
aluminium case, in two parts, completely incloses the prisms 
and nearly the whole of the prism casting, to which it is attached 
by six thumb-screws, permitting its removal in a moment when 
necessary. This case, practically light-tight, tends to maintain 
the steadiness of the temperature of the prisms, and also simi- 
larly protects the collimator and camera lens. 
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Sit.—The slit is of simple construction, with one jaw fixed 
(but adjustable) and the other moved by a screw of 4mm pitch, 
with the head divided in one hundred parts. The slit as a whole 
may be turned in position angle by a tangent-screw for purposes 
of adjustment. The use of the Huggins reflecting slit had been 
found so convenient in the former spectrograph that we had 
resolved to employ it; but we felt it open to the suspicion, 
which has been expressed by others, that possibly disturbing 
effects might arise from the different inclination of the two jaws 
to the line of collimation (g0°—z, and 90°+72) when they are in 
the same plane. Hence we inclined the jaws separately, sym- 
metrically away from the line of collimation, so that their specu- 
lum surfaces made an angle of 185° 47’. The adjustment was 
accurately made by screws which operate through the plates 
carrying the jaws. This arrangement involves the separate 
treatment of the light cones from the two jaws until they can be 
united in the guiding apparatus. The jaws have very sharp 
edges and are beveled rather more than usual to compensate for 
the inclination of the faces. The slit and the attachments for 
the comparison spectrum were furnished by William Gaertner & 
Co., of Chicago, who gave valuable suggestions in its design. 

The length of the slit used in a given exposure is determined 
by windows in a small bar which slides just behind the jaws, and 
is moved by a rack and a pinion with a long shaft. A hardened 
steel spring catch entering notches on the under side of the rack 
defines the position of the windows. The position of the catch 
can be accurately adjusted by screws. The support for the bar 
and its mechanism is entirely independent of the slit or collima- 
tor tube, and is derived from the steel pillar which carries the 
spark apparatus. Double windows are used for the spark light, 
situated on either side of the single window for the star’s light. 
Two of each are now in use, wider windows giving longer star 
and spark lines when the shorter camera is employed. 

Spark apparatus— This is supported on a steel tube of 
234 in. diameter and 13 in. height, which is solidly attached to 
the ring casting. It carries a brass sleeve, movable up and 
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down the pillar by threaded collars, which supports a rotating 
drum having places for four pairs of electrodes, which can be 
successively brought into action. A small special vacuum tube 
takes the place of one pair of electrodes. A rack and pinion 
permits a motion of the whole drum parallel to its axis so that 
the spark can be properly adjusted in the direction of the length 
of the slit. Ebonite bushings insulate the drum and electrodes 
at the necessary points. The spring contact leading to the pair 
of electrodes in position for use also defines the place of the 
drum as to rotation. The top of the pillar is surmounted by a 
small brass casting with ways in which slides, by rack and 
pinion, a brass plate carrying at one end a concave (ellipsoidal ) 
silvered mirror, and at the other a small plane 45° mirror or 
diagonal prism (the former is shown in the figure). The 
spark is at one focus of the concave mirror (of two inches 
diameter) and the slit at the other. The pillar has an aperture 
at the right height to allow the beam to pass, in which, if pre- 
ferred, a lens may be introduced as a substitute for the concave 
mirror. When the spectrum of the spark has been obtained, the 
plate carrying the diagonal prism and concave mirror is racked 
back out of the way of the light from the star. The mirror can 
be moved toward or from the spark by a screw, thus giving an 
image out of focus if desired ; and the mirror may be centered 
and adjusted by three screws operating against springs at its 
back. 

Guiding device.—That portion of the light of the star which 
does not pass through the slit is reflected from the speculum 
jaws in two cones diverging on either side of the cone from the 
great objective. Each is caught by a diagonal prism situated 
_within the “ goose-neck,” which may be seen projecting above 
the slit. The distance between these prisms is sufficient to per- 
mit the unobstructed passage of the light cones from the great 
objective and from the spark. After another reflection by a 
single larger diagonal prism, the light falls upon two small 
lenses at the upper end of the tube, which runs parallel to the 
collimator and is seen below it in the figure. Two further lenses 





PLATE III. 
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of the diameter of the tube, deliver the two beams of parallel 
light to the guiding telescope at the lower left hand extremity of 
the instrument, after reflection at a mirror in front of this tele- 
scope, and making with it and with the long tube equal angles. 
In the eyepiece the images of the two jaws are in their natural 
juxtaposition, and the star image is seen as well as if the jaws 
were in the same plane. This mirror can be turned about an 
axis in its own plane, so as to leave a free path to the guiding 
telescope for the beam from the collimator reflected from the 
first surface of the first prism. A turn of a small projecting 
shaft which moves the mirror thus makes it possible to pass 
instantly from viewing the front of the slit to viewing the back’; 
or, in other words, to pass from guiding by that portion of the 
light which does not go through the slit, to guiding by the light 
which has gone through the slit and is reflected by the first prism. 

This simple arrangement has proven very satisfactory in 
practice. We guide most of the time by the light from in front 
of the slit, but the direct view of the collimator is very con- 
venient in testing the adjustment of the slit and windows. The 
guiding telescope is unscrewed, and the eye used directly for 
controlling the full illumination of the collimator lens by the 
light from the spark. The optical combination of the guiding 
telescope and forty-inch objective gives a power of nearly 800in 
observing the star’s image on the slit. 

The observer sits in his chair at the guiding telescope and 
holds a stout rod projecting from the telescope tube, springing 
the tube slightly (ordinarily not more than a small fraction of a 
millimeter) to correct for small departures of the telescope 
from uniform motion. Switches controlling very slow-moving 
motors in hour-angle and declination are also at the observer’s 
hand, and can be accurately used for bringing the star to the 
center of the slit. This is marked by two parallel diamond rul- 
ings, 0.5mm apart, on the speculum surfaces, perpendicular to 
the length of the slit, and the star’s image is held between these 
rulings during the exposure. The angular field of the reflecting 
jaws is necessarily rather small, about 1/52’, so that the 
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short finder of the telescope is not always adequate for promptly 
bringing a star upon the slit, on account of the flexure of the 
tube of the forty-inch. We have accordingly attached a six-inch 
photographic lens of 62 feet focal length near the great 
objective and use this as an additional (tubeless) finder. When 
the star is brought to the intersection of the cross wires of this 
finder, the star is found at its proper position on the slit. 
Attachment to refractor—When not in use the spectrograph 
rests on the carriage as shown in Plate II]. Three powerful taper 
screws pass through a heavy iron casting in the carriage and 
enter three holes in the rim of the large ring casting of the 
spectrograph, two at the extremities of a horizontal diameter 
and one at the foot of a vertical diameter. No support is 
required at the back part of the spectrograph, which lies at the 
most convenient angle for attachment to the forty-inch refractor, 
when the latter is set on the meridian, and at — 25° declination, 
and the rising floor is at its highest level. With the carriage at 
its proper place on the floor, the heavy ring on the tube of the 
forty-inch is racked out about two feet (the micrometer and adapter 
having been previously removed), until it is in contact with the 
ring casting of the spectrograph. Then the two rings are 
firmly locked together by turning a pinion which simultaneously 
rotates eight bolts through the 90° necessary to make them 
effective. Thermal radiation from the spectrograph to the large 
mass of metal of the telescope tube is diminished by thin plates 
of ebonite at the surfaces of contact of the two rings just men- 
tioned. While the process of transfer from micrometer to 
spectrograph is comparatively simple and can be done by one 
person if necessary, it is desirable that an assistant should be 
present. In order to restore the balance of the telescope after 
the attachment of the spectrograph, iron weights to the amount 
of about 500 pounds are removed from rods at the lower end of 
the tube. The slit is brought into the proper focal plane of the 
40-inch objective, for the given central ray and for the given 
temperature, according to the color curve, by racking the whole 
spectrograph in or out. The setting is read by a millimeter 
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scale on one of the powerful sliding tubes carrying the telescope 
ring. 

Temperature case.—The temperature of the spectrograph is 
maintained by the large aluminium case shown in Plate I, where 
the spectrograph is attached to the telescope. The case is of 
ample dimensions to inclose the whole spectrograph, its diameter 
at the point of attachment to the spectrograph being thirty-six 
inches, and its longest slant height about forty-five inches. It 
has double walls of sheet aluminium, separated by a space of 
half an inch, which is filled with felt. Access to the spectro- 
graph is gained through two oak doors, the upper of which is 
opened when a plate-holder is inserted in the camera. The 
focusing pinion of the camera is reached from the lower door, 
which contains a plate-glass window through which the ther- 
mometers are read. When both doors are opened the space is 
sufficient for exchanging the cameras. A conical turret of 
aluminium was also constructed for inclosing the whole upper 
part of the instrument, from the slit and the spark apparatus to 
the correcting lens, but it has not yet been found necessary to 
use this. The temperature case is attached by screws to the 
rim of the ring casting of the spectrograph, and is only removed 
when there is need of access to the prisms or lenses, or for 
changing the focus of the collimator. 

The heating current is led in directly from the 1I10-volt 
mains on the telescope tube, and passes through about forty feet 
of No. 24 German-silver wire strung around the: inside of the 
temperature case. With this length of wire no rheostat is 
necessary. The thermometer in the outer case responds to the 
passage of the current by a rise of 1° C. in about two minutes. 

The two thermometers are placed beside each other and about 
40mm apart, the one entering the inner prism case, and lying 
very close to the third prism, while the other is just outside of the 
inner case and thus records the air temperature within the outer 
case. 

The thermometers are 48cm long, and are graduated to 
fifths of degrees C., 0°2 being equal to 1mm. They can be 
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easily read to tenths of a degree C. through the window in the 
lower door. Our experience with the temperature case has so 
far been very satisfactory. A change of more than 0°1 in the tem- 
perature of the air near the prisms seldom occurs during an expo- 
sure of an hour or two; and usually the temperature of the inner 
case can be maintained within o°1 or 0°2 C. through the whole 
night. Ordinarily a change of over 1° C. in the outer case is 
necessary to make an appreciable change in the inner case. If 
our experience in extreme cold weather indicates its necessity, 
we can introduce an electric fan to keep in circulation the air of 
the outer case; or an automatic thermostat regulator may be 
employed; but during the present summer and autumn the 
above simple arrangement has been amply sufficient. 


OPTICAL DETAILS. 


The lenses.—The correcting lens, collimator, and 24-inch 
camera lens were made by Brashear after specifications by Pro- 
fessor C.S. Hastings. Our first order was for the “‘isokumatic”’ 
quadruple construction described by Professor Hastings in this 
JouRNAL.* It subsequently appeared, however, that one of the 
varieties of glass used in his experiments could no longer be 
procured; nor were Mr. Brashear’s efforts to have it especially 
made in Paris successful. Consequently our order was changed 
to a triple construction, with cemented lenses. These lenses 
were delivered during the autumn of 1900. 

1. The correcting lens is of 57mm aperture, and is designed, 
in accordance with the data of the color curve of the forty-inch 
objective, to cover as great a range on either side of A 4500 as 
was feasible. It was to be placed 100cm in front of the focus 
- of the telescope for X 4500, for which wave-length it was not to 
change the angular aperture. The lens is carried within a stiff 
steel tube, which has a mounting like that of the adapter for the 
micrometer ; the lens is 21 inches inside the end of the telescope 
tube, the best position found by experiment corresponding 
closely to the designer’s specifications. 


' ASTROPHYSICAL JOURNAL, Qy 162, 1899. 





BRUCE SPECTROGRAPH 13 


The performance of the correcting lens is very satisfactory. 
A star spectrum is of practically the same width for nearly 200 
tenth-meters on either side of A 4500. 

2. The triple cemented collimator is of 51mm aperture and 
958mm focal length, corresponding closely to the angular aper- 
ture of the forty-inch objective. It was first focused by Schuster’s 
method and then by Newall’s method, with entirely accordant 
results. The focusing will be repeated at lower temperatures 
in the approaching cold weather. 

3. Camera A. This is a Zeiss Anastigmat, No. 9 of Series 
II. It was selected from a group of lenses of that character 
kindly furnished by Bausch and Lomb for experimental examina- 
tion in the summer of Ig00. It has an aperture of 71mm, and 
a focal length, as determined by very sharp star trails, of 
449mm, giving an angular aperture of 1:6.3. Its performance 
has been satisfactory: metallic spectra taken with it are sharp 
over an angular field of nearly 4°, and measurable over 8°. 
Our experience has shown it to be a great convenience to have 
two different cameras for use in a spectrograph, even if their focal 
lengths are not greatly different. In cases where it is difficult 
to discriminate between defects of a lens and the prisms, the 
question may be promptly settled by the trial with another 
camera. 

4. CameraB. This triple lens, of Professor Hastings’ design, 
has an aperture of 76mm and a focal length of 607mm as 
determined by star trails; its angular aperture is therefore 1: 8. 
After some weeks of use this lens developed a serious astigma- 
tism, and it has been twice recemented by Brashear during the 
present season. The difficulty may have arisen from a strain at 
some point in the lens cell, which has been enlarged. It now 
seems to be cured of this trouble. The lines in metallic spectra 
taken with this lens are not quite as sharp as is desired, but as 
they appear to be now entirely symmetrical, the accuracy of set- 
ting does not seem to be impaired. 

The central ray.—The choice of 4500 as the ray which 
should pass the prisms at minimum deviation, and for which the 
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lenses should be corrected, was made, after the satisfactory expe- 
rience in that part of the spectrum with the former spectrograph, 
for the following reasons: (1) The maximum sensitiveness of 
the fast plates we have usgd (Cramer’s Crown and Seed’s Gilt 
Edge) is somewhat beyond this point toward the red for light 
that has passed through the forty-inch lenses and the flint prisms 
of the spectrograph. The difference in sensitiveness for a point 
near 44600 and near 44300 is quite marked; an estimate is 
difficult, but probably a ratio of 2:1 would not be too large. 
This would mean a considerable saving in exposure time—an 
important consideration in case of the faint stars which are on 
our observing lists. (2) Most of the other spectrographs now 
engaged in line of sight work are set for the region of Hy: 
hence it was desirable that a different portion of the spectrum 
should be used here. (3) In spectra of the Orion and Sinan 
types the lines at 4471 and A 4481 are very important, so that 
they should be near the minimum ray. (4) The spectrum of the 
titanium spark, which we have found more convenient than the 
iron spark, has a large number of excellent lines on either side 
of X% 4500. 

The prisms —The prisms, of glass from Mantois, No. 3814, 
were received from Mr. Brashear in April 1900. They were 
57mm high, with faces of 117, 127 and 135 mm respectively. 
They were quite free from striae and bubbles, and of an excel- 
lent degree of transparence. The indices of the glass were : for 
XN 4227, n=1.6418; X 4405, m=1.6374; X48OI, m—1.6287. The 
angles were 66° 1’, which would give a deviation of 180° for 
the ray 44480. The mean path in the glass of the beam of 
that wave-length was 206mm. After measurement of their 
angles and indices and a brief visual examination, the prisms 
were mounted for use in a prismatic camera and taken to North 
Carolina for the eclipse of May 28. Several of the spectra then 
obtained have been reproduced in this JouRNAL. Allusion is 
made in my paper‘ to a tendency to diffuseness toward the violet 
side of the strongest bright lines, which was not then explained 


* ASTROPHYSICAL JOURNAL, 12, 315-323, 1900. 
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It now seems probable that this was at least partly due to the 
lack of homogeneity of the glass. 

After the return from the eclipse the prisms were carefully 
tested, both visually and photographically, with the use of a 
variety of auxiliary lenses. While there appeared to be no 
variation of the definition, when different portions in a vertical 
direction of the prism face were used, a marked change was 
always noticeable when the beam of light (of reduced aperture) 
was first sent through the half of the prism near the thin edge and 
then through the half near the thick base. The discrimination 
between effects due to the prisms and the lenses was rendered 
difficult by the astigmatism of some of the lenses used. One 
lens of 38 inches focus employed as a collimator had so 
marked an astigmatism that a rotation of the lens in its cell 
through 60° blurred the visual image so much as to make the 
region of spectrum wholly unrecognizable. The collimator was 
focused by various methods, including the use of a grating, so 
that the imperfections of prisms could be eliminated from the 
determination of focus. When the lenses corrected for 44500 
were received, in the autumn, the tests were repeated visually 
and photographically, with the prisms individually and collect- 
ively, with a similar result. 

Finally I took the prisms to Allegheny, and with the kind 
assistance of Professor Wadsworth and Mr. Brashear, was able 
to clearly exhibit the effect. As it was thought possible that 
refiguring the surface might diminish this, Mr. Brashear retained 
the prisms and Mr. McDowell perfected a new method and 
refigured the surfaces with the greatest possible care. 

When the prisms were again received at the Observatory, 
however, it was unfortunately found that the difficulty was still 
present, so that the use of the full aperture of 51mm was pre- 
cluded. 

Under these circumstances it seemed best that new glass 
should be ordered, of the most perfect homogeneity procurable. 
Our experience in this matter is given in detail for the possible 
benefit of others requiring large prisms for spectroscopes. We 
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were surprised to find that it is not the general practice among 
opticians to use for prisms as high a quality of glass as is 
employed for telescope objectives; or, specifically, that prism 
glass is not commonly subjected to the process of “fine anneal- 
ing.’’ Inasmuch as the requirements are no less exacting in case 
of a prism than of an objective, we at once decided that the new 
glass should be of a quality equal to that of the best telescope 
objectives; and this was a principal specification in the order 
sent to Schott & Co. of Jena on December 31, Ig00. 

Meantime numerous stellar and experimental plates were 
taken with various apertures of the collimator beam; by Mr. 
Ellerman during the latter part of the winter, by myself during 
the spring. But no really satisfactory stellar plates were 
obtained with practicable apertures. 

The shape in which the material is cast would also seem of 
distinct importance in respect to the homogeneity of the result- 
ing glass. It seemed a reasonable presumption that a prism cut 
from a disk would be more likely to be free from variations of 
homogeneity along its face, and this shape was requested. It 
was also requested that the disks should be considerably larger 
than the inscribed prisms. The kind of glass ordered was the 
dense silicate flint (O 102), which was used in the new spectro- 
graph of the Potsdam Observatory, and highly commended for 
its transparency and freedom from color. The shipment of the 
material (designated as O 998 by Schott & Co.) for the two larger 
prisms, amounting to six kilograms, was received in March 1go1 
by Mr. Brashear, who had agreed to figure the prisms without 
expense to the Observatory. The block for the smallest prism 
(about 2 kg), which had to be fine annealed separately, was not 
received until June. The sizes of the three prisms as sent from 
Jena were : faces, 150, 150, 170mm; 140, 140, 145 mm; and, equi- 
laterally, 125mm; height, 80mm. They had been ground and 
polished at top and bottom to permit of the polariscopic tests. 
At Mr. Brashear’s they were cut down to the dimensions desired 
for the spectrograph, viz., faces, 114, 123, and 133 mm; _ bases, 
120, 130, and 140mm, and height, 57mm; and were carefully 
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figured. The angle required to give a deviation of 180° for 
44500 was 63° 36: The actual angles, as measured here, were 
found to be: I (smallest), 63° 35’ 40"; II, 63° 31° 35"; III, 63° 
36’ 20! On account of the small angle of No. II the central ray, 
or wave-length at minimum, will be about 44480. The indices 
are as follows: Hy, 1.6766; HB, 1.6647; 4300, 1.6778; 4500, 
1.6724; 4700, 1.6678. The mean path of the rays in the glass is 
195mm. The most favorable angle for this glass in respect to 
loss by reflection is 61° 45', to which the above prism-angles 
are sufficiently near. 

No alteration was required in the prism-cells on changing 
from the Mantois to the Jena prisms beyond slightly shifting the 
small strips which fix each prism’s position. 

In the examination and measurement of the prisms and the 
subsequent work with the spectrograph from June of the present 
year, I have had the valuable assistance of Mr. W. S. Adams, 
assistant at the Observatory, whose whole time is devoted to 
this instrument, and to measuring and reducing the plates. 

The examination of the new prisms showed a _ distinct 
improvement in the definition as compared with the others. 
The effect of change of focus when the rays pass through the 
prism near the edge and then near the base is not wholly elimi- 
nated, but is less marked than before, both when the prisms 
are examined separately and together. A comparison of the 
best solar spectra taken with the two trains showed a sharpness 
in case of the Jena prisms, when the whole aperture was used, 
equal to that when only half aperture was employed with the 
Mantois prisms. An improvement in definition is still obtained 
by reducing the aperture to one half— partly due to the reduc- 
tion of the aperture of the lenses—but the actual gain in sharp- 
ness is hardly sufficient to make it worth while to lose any light. 

This somewhat disappointing result from the new prisms is 
perhaps due to the moulding of the prisms, for it would appear 
that they were not cut from disks as requested, but were 
moulded in triangular shape by Messrs. Schott & Co. We do 
not despair of securing prisms that will give good definition 
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over their whole face, which Mr. Newall’s similar experience 
has shown to be possible with large prisms; but the accuracy 





of the measurements for stellar velocities with the present prisms 
may be considered as quite satisfactory. 


THE SPECTRA. - 
The dispersion and scale of the plates for the two cameras 
are indicated in the following table: 


, TENTH-METERS PER M\ 
Angular disper- TENTH-METERS PER MM 


Wave-length sion for one , 
tenth-meter A B 
4300 fy 10 | 7.4 
4500 33.8 13.5 10.1 
4700 | 26.0 17.€ 13.1 


For comparison, similar data for the Mills spectrograph and 
the new Potsdam spectrograph are collected in the following 
table, valid for the wave-length of Hy. 





| 
| Dispersion for Tenth-meters 


Spectrograph | Camera focus | one tenth-meter per mm 
1 a Te S nitiasitbillahaatia 
ee ...| A’ 449 mm | 42°8 10.7 
eee B_ 607 42.8 7.9 
ee 406 40.5 12.6 
Potsdam III.....| I 560 39.7 10.2 
Potsdam III.....} 2 410 39.7 13.8 


The dispersion of the three instruments is thus practically 
the same for this region. The Bruce spectrograph, however, 
has, of course, less angular dispersion at A 4500 than at Hy— 
by about one fifth. The scale of the spectra with camera B, at 
A 4500, is the same as that of the longer Potsdam camera at /y, 

_ and a trifle greater than that of the Mills spectrograph at /y. 
The range over which our measures of stellar spectra are com- 
monly made is with camera A from about A 4300 to A 4650; 
with camera B from about A 4340 to A4700. On metallic and 
solar spectra the measures may be extended over a wider range. 





In the practical separation of lines on fine-grained photo- 
graphic plates, the performance of the Bruce spectrograph is 
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almost identical with that described by Professor Vogel in his 
paper in the ASTROPHYSICAL JOURNAL (II, 393, 1900) for his 
spectrograph III; and this was found to correspond closely 
to the results of the Mills spectrograph. On stellar spectra on 
the most rapid plates an equal sharpness is not to be expected. 
We have not yet obtained such plates on which separations of 
much less than 0.20 tenth-meters can be made in the region for 
which the prisms are at minimum, although 0.22 tenth-meters 
are often separated. 

A comparison of the three spectrographs named would thus 
indicate very similar capabilities. The Bruce spectrograph does 
not fully develop, with either the Mantois or Jena trains of 
prisms, the power that the length of the bases of the prisms 
would imply, doubtless because of lack of homogeneity of such 
large masses of glass. But with an equal resolution, it has the 
advantage of the other instruments in respect to its length of 
collimator, permitting the use of a wider slit for the same purity, 
and shortening the time of exposure, which, with equal atmos- 
pheric conditions, should be equivalent to increasing the light 
power of the instrument, so that fainter stars should be obtain- 
able. 

For the same purity the photographic efficiency, as regards 
exposure time should be as the ratios of the squares of the focal 
lengths of collimator and cameras, which would be about as fol- 
lows: Bruce, camera A, 4.6; Mills, 3.1; Bruce, camera B, 2.5; 
Potsdam III, 1.4. The apparent advantage of speed of camera 
A over camera B is not fully realized, however, on account of 
the reflections and absorption in the anastigmat, which has five 
component lenses. 

As has been pointed out by Professor Campbell the actual 
loss of stellar light in a slit spectrograph with a train of prisms 
is serious in the extreme. An exact statement is not possible 
for lack of adequate data as to the absorption and reflections in 
the lenses involved. In the present case probably at least 40 
per cent. of the light is lost at the forty-inch objective; and 
further amounts at the correcting lens and collimator; the 
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prism train transmits only about 30 per cent. of the beam inci- 
dent upon it, and finally the camera lens exacts its tribute. Thus 
a conservative estimate would assign a loss of hardly less than go 
per cent. of the star’s light falling upon the forty-inch object- 
glass, without considering the waste of light at the slit. Under 
average conditions of the atmospheric unsteadiness, probably 
less than one half of the light falling upon the jaws actually enters 
the slit; with bad “seeing” this may become as low as one fifth. 
Hence, taking into account the inaccuracy of guiding it would 
seem that with good conditions of the atmosphere, not over one 
twentieth of the star’s light falling upon the object-glass is 
effective on the plate in the camera, and under bad conditions 
this may be as low as one one-hundredth. 

Exposure times.—The exposure time required for a stellar 
spectrum obviously varies greatly with the atmospheric condi- 
tions of steadiness and transparency. With a sliit-width of 
0.025 mm (0/25) and camera A we should commonly give an 
exposure of about 20 minutes to a star of the solar type like 
a Anetis, whose magnitude is 2.0 in the Harvard Photometry 
and 4.1 in the Draper Catalogue. I have obtained a strong 
impression of Polaris in 8 minutes with a slit-width of of5. 
With that slit-width an exposure of two hours gives a spectrum 
of the actual photometric magnitude 5.5, which is as faint a star 
as we have yet photographed. 

Comparison spectrum.—The rotating drum of the spark appara- 
tus carries titanium and iron electrodes and a helium tube, which 
can be used successively without any disturbance of the adjust- 
ments. We use a small coil of self-induction in the secondary 
circuit for the suppression of the air lines developed by the iron 
spark. It also tends to increase the sharpness of the titanium 
lines. 

The windows behind the slit give for camera A a width of 
0.16mm or 0.34 mm, as preferred, to the star spectrum and to 
the portions of the comparison spectrum immediately above and 
below it. For camera B these values are one third larger. 

We have found the titanium spark more satisfactory than 
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that from iron for the region we cover. When a long exposure 
is required for the star, two or more brief exposures, symmetrical 
in respect to time, are given to the comparison spectrum. 

An occulting plate can be turned into position in front of 
the sensitive film so that a shorter exposure may be given to 
the most intense comparison lines. 


MEASUREMENT OF PLATES. 


The plates were until recently measured on Zeiss comparators, 
with millimeter silver scale graduated to fifths of millimeters 
read by a second microscope. As the use of the second micro- 
scope with the weaker illumination of the scale tended to strain 
the eyes and took considerable time, two new screw micrometers 
were made, according to specifications by Professor Hale and 
myself, by William Gaertner & Co., of Chicago. The screw has 
a pitch of 0.5mm, and the large head permits a reading to 
0.00olmm. The stage holding the plate slides in ways for the 
purpose of quickly aligning the spectrum, and to enable any 
desired reading on the head to correspond with the position of 
any line on the plate. The screws have not yet been investi- 
gated, but a preliminary series of measures on a glass scale 
shows that the error of a division is not likely to be much over 
I #, or about the same as the errors occurring in the scale of 
the Zeiss comparator. A description of these micrometers and 
of their performance is reserved for a later time. 

The schedule of measurement of a plate consists in making 
a series of four settings on each star line taken, two when 
approaching the wire from the right, and two from the left. 
Two settings are made on the upper and two on the lower part 
of each selected comparison line. 

Only the best star lines are measured, if the star has numer- 
ous lines to choose from; and comparison lines lying near the 
star lines are selected; without reference to direct coincidences 
of the two. The plate is turned around on the stage after it has 
been méasured with the violet toward the left, and the settings 
are repeated with the violet toward the right. The second set 
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of readings are subtracted from some convenient number and 
the mean of the two sets is taken. 

This measurement in both directions is considered essential, 
as an observer may have a large systematic difference between his 
mode of setting the cross-wire on a black line and a white line (on 
the negative). The writer, for instance, had a systematic differ- 
ence amounting to several kilometers in velocity on plates taken 
with the old spectrograph. On measuring a positive copy of such 
a plate it was found that the systematic difference was the same 
in amount but opposite in sign from that on the negative. There 
seems to be no reason to think that this systematic difference is 
not eliminated by measuring the plate in both directions. 


REDUCTION OF PLATES. 


The method of reduction which | adopted two years ago, 
and to which we still adhere, is based on the principle that each 
plate is to be reduced for itself, independently of any standard 
plate of either a metallic or solar spectrum. This can be readily 
done with the aid of the Hartmann formula in its simple form 


A=A,+ - “—, which perhaps should be called the Cornu 
° 
formula. Three of the best comparison lines, one near the mid- 
dle and the other two at the ends of the region of the star spec- 
trum to be included, are selected as standards for the plate in 
question, and the constants are derived in a matter of fifteen 
minutes with the aid of a calculating machine. The corrections 
for curvature are applied directly to the mean of the settings on 
the comparison lines, and the wave-lengths of all lines measured 
on the plate are computed from the constants of the formula. 
Then the differences are taken between the wave-lengths of the 
comparison lines as thus computed and as given by Rowland. 
This indicates the departure of the simple formula from an exact 
expression of the dispersion, together with the error of setting 
on the comparison line. This can be smoothed out by a small 
supplementary curve, but usually the quantities involved are so 
small that the corrections to the formula at the positions of the 
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star lines can be applied mentally. The differences are then 
formed between the wave-lengths in the star and in the Sun, 
when the lines occurin the Sun; if the lines are not solar, labora- 
tory determinations are taken,as for helium. These differences, 
which are the displacements due to motion in the line of sight, 
are converted into velocities, and the mean is taken. In spectra 
of the solar type when two lines are so close as to blend into 
one in the stellar spectrum, the normal wave-length in the Sun 
is taken as the mean of the two lines in Rowland’s table, weighted 
according to their intensities in that table. In spectra of types 
containing but few lines, weights are assigned to the star lines at 
the time of making the settings, as there may be a great variety 
in the sharpness of the different lines. The measurer is quite 
unconscious of the effect on the results of this assignment of 
weights, and in general he does not know anything as to the 
accordance of his results until the computation is well advanced. 

As an illustration of the reduction I select a plate of a Arie- 
tis, as the velocity of this star has been accordantly determined 
by several observers. This is not better than an average plate, 
although the character of the spectrum permits of a good degree 
of accuracy of measurement. 

The letter B inthe sixth column denotes that the wave-length 
given is the weighted mean for two or more close solar lines. 
The three titanium lines whose wave-lengths are in heavy face 
type in the second column were the standards used in the deri- 
vation of the formula. 

Other published determinations of the velocity of this star 
are: Campbell, 14.1; Vogel and Scheiner, —14.7; Lord, 

14.0 km. 

Although it is not the object of this paper to communicate 
the results of our measures Of velocities, which will be pub- 
lished in due time, mention should be made of the case of the 
star e Leonis, as illustrating the contrast between the old and new 
spectrographs. 

The measures of the plates obtained by Mr. Adams in Feb- 
ruary, March and April, 1900, gave a range of 23 kilometers in 
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PLATE B 233 —a AR/ETIS. 


Taken 1901 November 15, G. M. T. 14" 36", by E. B. F. 
Measured by W. S. Adams. 









































Means of set- - ; a | 3 
— length by ese ag — mane mn 9 Wase-length | Disgiece- oe 
7i==Titanium formula length lines | of star line in Sun ment sec, 
lines 
S 28.0279] 4442.418 +0.015 | 4442.433 | 4442.510 —0.077 |-—5.20 
S 28.1850] 4443.880 +0.015| 4443.895 | 4443.976 —0o.081 | 5-47 
7i 28.1937 | 4443.961 | +0.015 | 
S 28.6055] 4447.808 +0.004} 4447.812 | 4447.892 —0.080] 5.39 
7i 28.7659 | 4449-313 0.000 
S 29.0187} 4451.691 —0.001 | 4451.690 | 4451.752 —0.062} 4.18 
Ti 29.6436} 4457.604 | —0.004 | 
S 30.7931} 4468.614 | —0.004| 4468.610 | 4468.663 —0.053 3.56 
Ti 30.7987 | 4468.667 | —0.004 
S 31.5695| 4476.148 |-+0.003] 4476.151 | 4476.214B | —0.063| 4.22 
Ti 32.1089 | 4481.431 | +0.007 | 
S 32.1972 | 4482.300 | +0.006 | 4482. 306 | 4482.376B | —0.070 4.68 
Ti 32.8241 | 4488.497 | —0.004 | 
S 33-4467 | 4494-705 | —0.016| 4494.689 | 4494.738 | —0.049| 3.27 
Ti 33.6095 | 4496. 337 | —0.019 
5 fed 4501. 329 | —0.003] 4501.326 | 4501.43i1B| —o.102| 6.79 
Ti 34.1168} 4501.448 | —0.003 | 
Ss 35.2379 | 4512.873 | | —0.014| 4512.859 | 4512.906 —0.047 3.12 
Ti 35.2425 | 4512.920| —0.014 
S 35.4846] 4515.411| | —O.012] 4515.399 | 4515.484B| —0.085| 5.64 
Ti 36.6468 | 4527.490| © .000) 
S 36.7676] 4528.757 | —0.006| 4528.751 | 4528.798 —0.047| 3.11 
S 37.3481 | 4534.877 | —0.033] 4534-844 | 4534.953 | —0.109| 7.21 
Tt 37.3585 | 4534.986 | —0.033 
Ti 28.2862] 4544.974| —0.OI0 
S 38.3976] 4546.071 | —0.009| 4546.062 | 4546.129 —0.067/ 4.42 
Ti 39.0060 | 4552.639 | —0.007 | 
S 39.1432] 4554.128 | —0.013| 4554-115 | 4554.21 —0.096| 6.32 
Tit 39.2861 | 4555.682 | —0.020 | 
S 40.0346] 4563.876 | —0.006| 4563.870 | 4563.939 —0.069 4.53 
Tt 40.0409] 4563.945 | —0.006 
S 40.6947 | 4571.177 | —0.002 | 4571.175 | 4571-275 —0. 100 6.506 
S 40.7752| 4572.072 | —0.002] 4572.070 | 4572.156 |—0.086| 5.64 
Tit 40.7829 | 4572.158 | —0.002 | 
S 41.2421] 4577.286 | —0.007| 4577-279 | 4577.356 —0.077 5.04 
S 42.3755] 4590.093 | —0.020| 4590.073 | 4590.126 | —0.053| 3.46 
Zi 42.3801 | 4590.146 | —0-020 | 
S 44.6303} 4616.228 | —0.001 | 4616.227 | 4616.305 —0.078] 5.07 
S 44.7282| 4617.383 | 0.000 | 4617.383 | 4617.452 —0.069| 4.48 
Ti 44.7340 | 4617.452| ©-000| | 
nthe aides bee bs cUeee des 5 Snes 6405s CORse eu wee cc 00 os cece -4.88 
For Hour-Angle 1" 40" E. Correction for diurnal velocity.. +0.13 
Correction for orbital velocity .. —8.9I 
Reduction to Sun................ —8.78 


Star’s velocity, km per sec............. —13.66 





BRUCE SPECTROGRAPH 25 


the velocity, and the star was supposed by us to be a spectro- 
scopic binary. This was not confirmed by the set of eight 
values obtained with the Mills spectrograph, subsequently pub- 
lished by Mr. Wright, which showed a range of but 2.7 km, and 
a mean velocity of + 5.1km. Three plates have now been 
obtained with the Bruce spectrograph and measured by Mr. 
Adams, with the following results : 


1900 October 3,21"9 G.M.T. + 4.4 km per sec. 
October 23, 22.6 + 3.5 
October 31, 22.7 + 4.0 


The variability was therefore in the spectrograph instead of 
the star. The case is instructive as showing the possibilities of 
a derangement of the instrument which does not affect the 
definition of either the star lines or comparison lines. Previous 
determinations of planetary velocities had also yielded results 


of a very fair degree of accuracy. 


FUNDAMENTAL VELOCITY-STARS. 


In the present state of line of sight work, which is in prog- 
ress in six or seven observatories, a certain amount of duplica- 
tion of work by different observers would not appear wasteful, 
especially if the conditions are varied. With a good spectro- 
graph in accurate adjustment, the principal uncertainty (aside 
from subjective effects in the measurements) lies in the assump- 
tions that we know the actual wave-lengths of the lines (1) in our 
comparison spectra, and (2) in the stellar spectra. 

The first presumes that the tabular values taken to apply to 
the comparison spectra were obtained under conditions similar to 
those in the source of the comparison spectrum. Shifts in the 
wave-lengths of lines in the comparison spectrum of the sort 
reported by Haschek* in spark spectra would most seriously 
modify the stellar velocities deduced from lines so affected. 
Inasmuch as the arc is employed at Potsdam as the source of the 
comparison spectrum, and the iron spark (and to some extent 
the hydrogen tube) at the Lick Observatory, it would seem 


> 


‘ASTROPHYSICAL JOURNAL, 14, 181, 1901. 
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desirable that the conditions should be further varied with the 
Bruce spectrograph, and | should prefer to employ the vacuum 
tube, which may be expected to be less liable to fluctuations and 
idiosyncracies than the spark or arc. A helium tube that we 
have lately been using happened to give an excellent compound 
line spectrum of hydrogen, which contains a large number of 
fine lines quite well distributed over the region covered by our 
plates. If we are able to get tubes giving this spectrum uni- 
formly, it may be regularly employed here after the wave- 
lengths of its lines have been accurately determined. 

The plates of the Moon and planets taken at frequent intervals 
by all observers to control the general adjustment of the spectro- 
graph tend of course to disclose any peculiarities of the individ- 
ual lines of the comparison spectrum, so that such effects could 
ultimately be largely eliminated. But measures of planetary 
plates do not give us a check on the second of the assumptions 
mentioned above, namely, that the wave-lengths of the star lines 
are exactly the same as for corresponding lines inthe Sun, or in 
laboratory spectra. The conditions of pressure (and tempera- 
ture) in the stellar atmospheres may well be such as to modify 
the wave-lengths quite appreciably, and differently for lines due 
to different elements. These as yet uncertain effects can prob- 
ably be best studied by the comparison of the results of differ- 
ent observers using entirely different stellar lines in different 
parts of the spectrum. In general, the greater the increase in 
the accuracy of the measurements the more likely are we to find 
systematic differences in the results with different instruments 
and different observers, as is of course always the case with 
fundamental determinations. The time should therefore soon 
.come, if it has not already arrived, when a short list of suitable 
stars, not spectroscopic binaries, should be made out and 
observed regularly as fundamental stars by the different spectro- 
graphs engaged in line of sight work. Faint as well as bright 
stars should be included, and representatives of some of the 
different types of spectra; and the stars should be properly dis- 
tributed for the different seasons. The comparison of the 
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stellar velocities thus obtained should be of great value both as 
establishing certain fundamental values, and as indicating the 
systematic errors of the different instruments and observers. 
This Observatory will be glad to take part in any such scheme 
of codperation, which it is hoped may be arranged. 


YERKES OBSERVATORY, 


December I90I. 








ON THE ORIGIN OF DOUBLE LINES IN THE SPEC- 
TRUM OF THE CHROMOSPHERE, DUE TO ANOM- 
ALOUS DISPERSION OF THE LIGHT FROM THE 
PHOTOSPHERE.* 

By W. H. JULIUS. 

A PECULIARITY, appearing in the photographs which Professor 
A. A. Nyland obtained with the prismatic camera during the 
total eclipse of May 18, I901,? caused me to investigate more 
closely, in the line of my former paper on solar phenomena, 
what characteristics the chromospheric lines must show, when 
they really derive their light from the photosphere.? 

At the meeting of February 24, 1900, I developed considera- 
tions which lead us to expect that the light of the chromosphere 
is to a large extent composed of photospheric light, which has 
undergone anomalous dispersion in the absorbing vapors of the 
Sun. The wave-length of the bright lines in the spectrum of 
the prominences, chromosphere and flash cannot, according to 
this hypothesis, be exactly the same as the wave-length of the 
corresponding absorption lines of the ordinary solar spectrum. 
For every bright line belonging to an absorption line of wave- 
length A was supposed to be produced by two groups of radia- 
tions, whose wave-lengths are respectively all smaller and all 
larger than A. The light on the red side of the absorption lines 


*Communicated by the author, from Proceedings of the Royal Academy of Sct- 
ences, Amsterdam. Meeting of October 26, Igo1. 

2 With the consent of Messrs. Nyland and Wilterdink (the members of our ¢xpe- 
dition who were most concerned with the spectrographic researches) only this special 
" feature of the photographs will be shortly referred to in this paper. The report, con- 
taining a full account of the various observations made by our party, will be published 
later. 

31 shall frequently make use of the terms photosphere and chromosphere, but I 
wish to state emphatically that I mean by them only the white disk of the Sun and the 
more or less colored edge or light ring, as they appear to our eyes. I do not imply 
the idea of a sharply limited ball, emitting white light and surrounded by a trans- 
lucent shell, which itself emits colored light. 

28 
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will perhaps in most cases be a little more intense than that on 
the violet side, because, however variable as to place and time 
the density relations of the solar gases may be, it is always a 
little more probable that the average density of the layers which 
are penetrated by the light that reaches us, increases towards 
the Sun’s center, than otherwise.‘ Where powerful “ Schlieren” 
occur, however, the wave groups on the violet side may be 
the stronger ones. 

Further it is clear that from each group, those rays whose 
wave-lengths differ much from A, can in general only be seen 
close to the Sun’s edge, for there only a small abnormality in 
the refractive index is necessary to deflect photospheric rays to 
our eyes. Light whose wave-length differs less from A can reach 
us from a broader strip of the chromosphere; and far from 
the Sun’s edge, as a rule, we may expect to see only rays whose 
wave-lengths differ very little from 2.? 

To this rule, too, exceptions may be found at places, where 
mighty prominences show us the presence of great irregularities 
in the density distribution of the Sun’s gases. 

Let us now consider what under ordinary circumstances the 
light distribution in a chromospheric line would be, if we were 
only concerned with refracted photospheric light, unmixed with 
any appreciable radiation emitted by the absorbing gas. 

In Fig. 1 is given a representation of the form which the dis- 
persion curve of the absorbing gas will assume in the neighbor- 
hood of one of the absorption lines. Let the line XX” be the axis 
of wave-lengths with the value A at the point O, and let an ordi- 
nate zero represent that the refractive index is equal to unity. 
If no absorption line existed in this part of the spectrum, the 
dispersion curve would be a nearly straight line VN’ at a small 
distance above XX” and almost parallel toit. But if rays of 
wave-length A are strongly absorbed, then the curve consists of 
two branches of the form represented. 

™W. H. Juiius, Proc. Royal Acad. Amsterdam, 2, 581, 585, Astron. Nachr., 
153, 439. 

* Proc. Royal Acad. Amsterdam, 2, 581. 
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Light with a wave-length A cannot now occur in the chromo- 
spheric spectrum. Rays A+ 6, in the normal spectrum belonging 
to positions a and a’, will reach us from a chromospheric ring of 
relatively great width, but naturally with greater intensity from 
the inner than from the outer parts of the ring. RaysA+2 6, 
belonging to places 6 and 
6’, come only from a 
smaller chromospheric 
ring, etc. All these rings 
have the photosphere for 
their inner limit. The 
breadth of the rings from 








ae soe $ pt — which we can receive light 

> ee 4 of wave-lengths A + 6, A+ 

Heed ess Gece. | 5 A 26, etc., will depend upon 

he the ordinates of the disper- 

a sion curve at the points 

: ae given by a, a’, 6, 0’, etc. 

We can, as a first approxi- 

mation, put these widths 

ies sd: proportional to the quanti- 

ties a, a,, a, a,, 6, b,, b, b,, 

etc., by which these ordinates differ from the ordinates of the 
normal dispersion curve V NV’. 

In recent eclipse work both the slit spectrograph and the pris- 
matic camera (or the objective grating) have been used; up to 
this time most results have been obtained by the latter. We 
shall, therefore, investigate the character of a chromospheric line 
as it must show itself in ordinary circumstances in the prismatic 
_ camera. 

The prismatic camera gives for every monochromatic radi- 
ation, coming from the chromosphere, an image of the crescent, 
ranging these images according to the wave-lengths. The light 
distribution in such an image shows us the intensity with which 
the corresponding radiation comes out of the various parts of the 
crescent. Consequently a pure monochromatic image will, as a 
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rule, possess the greater intensity on the concave side, where it 
is limited by the Moon’s edge, and will gradually fade away on 
the convex side. 

The images due to neighboring rays will, however, partially 
overlap. This will be especially noticed with the two-ray groups 
which together form a chromospheric line ; in this combination 
of arc images we may expect a quite different distribution of the 
light than would be found in an image, formed either by mono- 
chromatic light or by one simple ray group, such as a more or 
less rarefied gas would show us in its emission lines. 

Let Z (Fig. 2) be a portion of the Moon’s edge at the instant 
of the second or third contact of a total eclipse. We may now 
consider the compound light, arising from a small column Z a of 
the chromosphere, dispersed into a horizontal spectrum parallel 
to the line PP’. Inorder 
to obtain more easily an 
idea of the share which 
the various rays contribute 
to the light distribution in 
the band, we separate the 
various rays from one 
another and represent on 
distinct lines P P’, QQ’, 
RR’... .. those parts of 
the spectrum, where chro- 











mospheric light is found of : 
wave-lengths equal respec- 
tively to A,A+6,A + 26, 
etc. o 

The point O may indi- 
cate the place where the 
Moon’s edge would be seen if absolutely monochromatic light of 
wave-length A appeared on its left. 

The rays of wave-length A are, however, completely absorbed, 
so that nothing need be represented on the line P P’. 

On the line Q Q’ we find first the light of wave-length A —8, 








32 W. H,. JULIUS 


which projects from the sharp edge of the Moon at a and reaches 
(with decreasing intensity) from there to a, and secondly the 
light of wave-length ’ + 6, which reaches from a’ toa’. 

In the same way we find on RR’ the rays X —26 and 
A+ 24, corresponding respectively to the sections df and 6’ B’ ; 
on S S’ the rays X — 36 and X+ 36 at the sections cy and 
c’ y', etc. 

Because the sections aa, a’ a',b8,b' B’. . . represent the 
width of the chromospheric rings corresponding to the various 
sorts of rays, we have considered them proportional to the 
lengths a, a,, @, @,, 6, 6, 6,6, of Fig. 1. Hence the extrem- 
ities a, B,. .. and a’ B’,. . . etc.,lie on two curves, whose 
shape is closely related to that of the dispersion curve. The 
share which all intermediate waves bear in the light distribution 
is thus shown, if we only notice that for each kind of light the 
intensity decreases from right to left. This is represented by 
shading in the upper part of Fig. 3. Finally, to obtain the light 
distribution in the chromospheric line, we only need suppose that 
the figure is compressed in the vertical direction and that thus 
the light intensities are added together. The resulting intensity 
is then found to be approximately distributed as is shown by the 
shading in the spectrum given below. Hence a double line is 
produced, each of the components of which shades off gradually 
on each side, so that there is still light of a somewhat consider- 
able intensity in the intervening space. 

If the rays whose wave-lengths are less than A are on the 
average of the same intensity as those with wave-lengths greater 
than A (this case is shown in the figure), the “center of gravity”’ 
of the chromospheric line is shifted a little to the convex side 
of the image with respect to the place belonging to the absorp- 
tion line of wave-length A. If, on the contrary, we consider the 
inner limit of the crescent, it appears that the line has shifted to 
the other side. This must involve us in difficulties when trying 
to find the exact wave-length of a chromospheric line. 

Moreover, all kinds of variations may be expected in the 
intensity distribution. The ray groups whose wave-lengths are 
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greater than A, may be intenser or vice versa. In such a case 
the displacements of the chromospheric line, both with regard to 
limit and to position of center of gravity, may assume quite other 
values. Such displacements of variable character are actually 
often observed (by Campbell, Frost, Lord, and others). 

The figure represents a case 
where on the convex side of the 
crescent the intensity of the sys- 
tem decreases faster than on the 
concave side (just otherwise than 
we should expect from a cursory 
examination; indeed the chromos- 
pheric crescent, observed without 
a spectroscope, is sharply limited 
on the concave side). This pe- 
culiarity too has been often seen in 
the chromospheric spectrum (cf. 
Frost, ASTROPHYSICAL JOURNAL, 12, 
315, Dec. 1900). In general, many 
of the irregularities in the form of 





the lines of the chromosphere and 
the flash, as given by Mascari, 


FIG. 3. 


Campbell,? Brown,3 Lord,‘ Frost,5 

and also the principal features of the chromospheric spectrum, 
recently once more discussed by Sir Norman Lockyer,® can be 
easily explained if we suppose the lines to be produced by 
anomalous dispersion. 

A convincing argument for the correctness of our explanation 
would be obtained, if it appeared that all chromospheric lines 
were really double lines of the above described character. 

Hence I have repeatedly sought for dark cores in the chromo- 
spheric arcs on photographs taken during former eclipses, and 

*MASCARI, Mem. Spettr. [tal., 27, 83-89; Ref. Naturw. Rundsch. 13, 618. 

2CAMPBELL, ASTROPHYSICAL JOURNAL, 11, 226-233. 

3 BROWN, zdid., 12, 61-63. 

4 LORD, 12, zbid. 66-67. 5S FROST, zbzd., 12, 307-351. 


° LOCKYER, Recent and Coming Eclipses, chaps. X and xviii (London, 1900). 
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have indeed found several indications of them; but a plate where 
this peculiarity was the rule, where all the chromospheric lines 
were double, has certainly never before been obtained, for if so, 
the phenomenon could not have escaped notice. 

The Dutch expedition had the fortune to get the first plates 
which quite clearly show all the chromospheric and flash lines, 
visible on them, to be double lines. 

This important result is in the first place due to the great care 
with which the whole plan of observation with the beautiful 
prismatic camera of Cooke was designed and elaborated by Pro- 
fessor Nyland, and not less to the extraordinary exactness, with 
which both before and during the eclipse he has performed all 
necessary manipulations. But besides, it is not impossible that the 
result was favorably influenced by the cloudiness of the sky, so 
very unfortunate in other respects. For if the light had not been 
considerably weakened, the chromospheric lines would have been 
found on the plate both broader and in greater number, and the 
doubling would have been perhaps as little marked as on the 
plates obtained on former occasions. 

Shortly after the second contact five exposures were made 
on one plate, each of them during about three-fourths of a second. 
They show each only nine lines, all double. On the four plates, 
prepared for the corona spectrum, some of the stronger chromo- 
spheric lines are represented by arcs often interrupted. The 
light of these evidently comes from prominences which project 
rather far beyond the photosphere. Here it appears not so easy 
to distinguish the duplication, just as we might expect by our 
theory ; but still it is visible at many places. 

On the sixth plate another set of five exposures, of three- 
fourths of a second each, were taken a little after the third con- 
tact. In the first of the spectra thus obtained (reaching from 
X 3880 to A 5000) 150 double chromospheric lines can be counted 
between A 3889 and A 4600, these being also visible in the other 
four spectra, as far as the increasing scattered light permits.’ 


*On the original negatives the duplication can only be distinguished with a 
magnifying glass. Enlargements (which were shown in the meeting) will soon be 


reproduced and published. 
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A little below the continuous spectrum, due to the just appear- 
ing edge of the Sun, the double lines are most conspicuous. We 
find there, parallel to the spectrum, a bright narrow streak which 
appears broader in the following exposures and which is probably 
owing toa small depression in the Moon’s edge or toa projecting 
part of the apparent Sun’s edge. In the fifth exposure, below the 
light band so produced there appears a similar streak. These 
bands give, so to speak, repeated spectra of the flash (a fortunate 
circumstance, for the totality was over sooner than was calculated 
and the exposures were thus a little later than was intended) so 
that we obtain at one and the same exposure both the pure flash 
spectrum and the continuous spectrum of the Sun’s limb. 

Professor Nyland and I have discussed together the possi- 
bility of ascribing the origin of double lines to disturbing circum- 
stances, such as irregular motion of the siderostat, vibrations of 
the prismatic camera, light reflections, etc.,’ but we were not able 
to find any disturbance which could account for the observed 
phenomena and we must conclude that here we really have a 
property of the chromospheric lines. 

The Fraunhofer lines in the continuous spectrum are weak. 
This may in part be due to the diffusion of light by the clouds. 
For the edge of the photosphere which had just appeared, which 
plays the same part with the prismatic camera as the illuminated 
slit with an ordinary spectroscope, was not darkly limited, but 
surrcunded by a marked aureole (this can be seen in some of our 
corona photographs). The clouds, however, cannot have been 
the only cause of the faintness of the absorption lines in the first 
stage after totality, this phenomenon having been also observed 
in a clear sky.?, There must therefore be another reason for the 
partial absence of the lines. Our theory gives such a reason 
immediately. For the chromospheric spectrum will at the end 
of totality become more and more like a continuous spectrum, 
because more bright lines will continually appear, each of which, 

*The mounting of the instruments will be fully discussed in the report of the 


expedition. 


? CAMPBELL, ASTROPHYSICAL JOURNAL, 11, 228, April 1900. 
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according to our hypothesis, forms a double band in which the 
absence of the absorbed waves is not easily perceived. But as 
soon as a portion of the photosphere appears, the already exist- 
ing, apparently continuous spectrum will be dominated bya 
more really continuous spectrum, the source of light of which is 
limited by two nearly sharp edges (those of the photosphere 
and of the Moon). 


In this spectrum the absence of absorbed rays must show in 
the usual way as Fraunhofer lines. The light of the chromo- 
spheric arcs will, of course, partially overlap those lines, but 
compared with the direct photospheric light it is weak enough 
for the dark lines to be visible. Thus, not considering the 
presence of clouds, the absorption lines must yet, during the 
transition from the flash spectrum to the Fraunhofer spectrum, at 
first show very faint and with abnormal relative intensities, then 
grow stronger, intensities appearing normal. 

Because the double lines are not sharply defined objects, it 
is difficult to give the width of these systems. But we can make 
settings on the brightest parts of the components and measure 
their distance with a reading microscope. It differs for the dif- 
ferent double lines, still it generally lies between 0.7 and 1.3 
Angstrém units. Wider and narrower systems follow each 
other in irregular succession, but on an average the distance of 
the components appears to decrease as we proceed from the 
green to the violet. Perhaps this fact may be important for 
dispersion theories. 

With some lines the stronger component is that which has 
the greater, in others that which has the smaller wave-length. 
It happens that even in the same line (e¢. g.,in the arcs of Hy 
and #76 on our plate) the two cases occur close by one another, 
which means that in neighboring places of the Sun’s atmosphere 
the density distribution of the absorbing gas is different in this, 
that at one place the average density along the path of the ray 
increases, at another decreases toward the Sun’s center. 

Campbell states* that in some cases where dark and bright 


‘CAMPBELL, ASTROPHYSICAL JOURNAL, 11, 229. 
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lines are to be found together, they are separated from one 
another by a distance of trom 0.4 to 0.5 Angstrém units. This 
is about the half of the distance between the components of our 
double lines. We may here reasonably suppose that Campbell 
was concerned with cases where one of the components was 
strongly marked. A similar case is found on our photograph in 
HB, where the component with the greater wave-length is 
stronger over nearly its whole length than that with the smaller 
wave-length, and such is the case not only at the third contact 
but also during the second and even on the four plates, prepared 
for the corona spectrum, which were exposed for 5, 20, 190 and 
60 seconds respectively. 

I have not found until now in any chromospheric line a pecu- 
liarity in the distribution of the light, which would make it 
necessary to ascribe even a part of this light to radiations emit- 
ted by incandescent chromospheric gases. Now we can hardly 
assume that these gases really do not emit any light; the ques- 
tion is only, in what cases and how far the intensity of the true 
chromospheric emission is comparable with the intensity of the 
abnormally refracted photospheric light. 

Perhaps the photographs obtained by our expedition are 
accidentally so extremely well fitted to show the part played by 
anomalous dispersion in causing chromospheric light, that they 
induce one to overestimate the importance of the new principle. 

It would therefore be very interesting if the plates of other 
expeditions were also studied from this point of view. 
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CONTRIBUTIONS TO THE SOLAR THEORY: 
By R. EMDEN. 

It has been shown by Helmholtz? that layers of air of dif- 
ferent densities, flowing with different velocities, can exist side 
by side with a well-defined surface of discontinuity between 
them ; we then have conditions similar to those given when the 
wind passes over a water surface, and the boundary surface is 
forced into a huge parallel formation in the direction of the 
more swiftly moving layer, in front of the advancing train of 
waves. These, which are generally invisible, can be observed 
by means of the parallel cloud strata (formed at the wave 
crests) which often cover a large part of the sky: by means 
also of the violent rain storms which, broken by periods of fair 
weather, often return at equal intervals during the day; and 
moreover by the movement which these waves impart to an air 
balloon accidentally caught by them. A fortunate opportunity 
allowed me to ascertain, by the flight of a balloon, the length 
of these waves, as well as the condition of both the contiguous 
layers of air; and to establish the agreement between the meas- 
ured wave-length and that required by Helmholtz’s theory. 

In a series of papers Helmholtz has explained the signifi- 
cance of this wave formation for the general circulation of the 
atmosphere. The amount of heat which the atmosphere receives 
in the equatorial regions and carries in vast streams in its upper 
layers toward the poles must also be brought back to the sur- 
face of the Earth in middle latitudes. A simple descent of these 
upper layers is out of the question, for, retaining their angular 
momentum, they would cause in lower latitudes at regular intervals 

‘Translated from the Sitzungsberichten der mathem.-phys. Classe der kgl. bayer. 
Academie der Wissenschaften, Bd. XXXI1, 1901, Heft III. 

2 HELMHOLTZ, Gesammelte Abhandlungen, Bd. I, u. III. 


3R. EMDEN, “Eine Beobachtung iiber Luftwogen,” Wied. Ann., XII, p. 62, 


1897. 
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storms surpassing in violence any that have been observed even 
in exceptional cases. The coefficient of heat conduction is 
much too small to cause an equalization of heat energy by con- 
duction ; the coefficient of friction is too small to equalize the 
angular momentum by internal friction. Even more truly will 
the air masses, supplied with energy at the equator and stream- 
ing toward the poles, continually separate themselves by surfaces 
of discontinuity from the lower air masses which are less rich 
in heat energy, and are moving back to the equator. These 
waves, continually gaining power, will advance with ever- 
steepening wave front, and will finally, like water waves, over- 
hang and break ; from every train of waves there is formed a 
vast horizontal whirl in which eventually both layers of air are 
intermingled. Since, by the formation of surfaces of discon- 
tinuity, the head of the wave is subjected to unstable equi- 
librium, the breaking up of these surfaces produces a constant 
transfer of energy with reference to angular momentum and 
heat; which transfer, without this power, would have been 
impossible, owing to the smallness of the coefficients of heat 
conduction and friction. 

Similar conditions must exist in the Sun, which is conceived 
of as fluid within, and as rotating and radiating heat. The pur- 
pose of the following discussion is to pursue this line of thought 
in detail.’ 

For greater convenience let us regard the Sun as a rotating 
sphere. The conclusions given may be directly applied to a 
rotating ellipsoid. To avoid too rapid a cooling of the outer- 
most layers, inasmuch as by heat conduction alone too small 
an amount of heat would be transferred to the surface, we are 
forced to regard the Sun, at least to considerable depths, as a 
liquid mass which, by the loss of heat, is becoming more dense, 
so that by radiation and by convection currents, also by the 
mixing of these currents, a more or less uniform interchange of 
heat is produced. It makes no difference whether the liquid be 


‘I notice that M. BRILLOUIN, in a short remark in the French translation of the 
treatise of W. THOMSON, On the Sun’s Heat, has already referred to the formation of 
layers, which is to be described in the following discussion. 
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compressible or incompressible. Let us take the first case as 
the more general one. Inasmuch as we do not know the equa- 
tion of condition of a gas at so high a temperature and under 
such pressure, we will make as a fundamental hypothesis the 
assumption that the entire part of the Sun which we are consid- 
ering obeys the equation pv = HT, where p = pressure, v = mass 
of unit volume, H =the gas constant, 7= the absolute tem- 
perature. 

We will further assume that the entire mass of the Sun obeys 
the laws of gases, and that the process of cooling extends 
throughout it by means of convection streams. If the Sun hada 
solid core it would make no difference in the following discus- 
sion; the formation of layers which takes place would then 
extend only to the surface of this solid core. This sphere of gas 
must in the first place be in adiabatic (indifferent) equilibrium ; 
that is, the density, pressure, and temperature throughout the 
whole mass must vary so that any given particle of the Sun, 
under an arbitrary displacement and protected from exchange 
of heat, shall be in constant equilibrium as regards density, 
pressure, and temperature with the particle which momentarily 
presses against it. In a sphere which is not rotating this condi- 
tion must always be brought about by the mingling of ascend- 
ing and descending currents. 

Frictional forces should operate only in case of finite differ- 
ences of velocity. 

Let us view the Sun from its north pole, and consider a 
motion in the direction of its actual rotation as plus. 

The masses on the surface of the Sun lose heat, become 
denser, and must sink. If the Sun did not rotate then, at any 
assumed position of equilibrium, these masses would sink to the 

‘center and an equal mass of matter would be forced up to fill 
the unoccupied space on the surface. But the rotation of the 
Sun will completely change this form of convection current. 

From considerations of symmetry the surfaces of equal 
pressure are surfaces of rotation, and lines of pressure cut the 
Sun’s axis; also, the masses which have become more dense 





' 


SOLAR THEORY 4! 


through cooling and are sinking inwards, must retain their angu- 
lar momentum. As they approach the axis of the Sun their linear 
velocity continually increases, and their tendency to fly off 
radially (centrifugal force) diminishes by reason of the increase 
of their angular velocity. The ascending masses continually 
quicken their speed in the reverse direction, retaining their 
smaller angular momentum; and their centripetal force dimin- 
ishes. We then obtain different rapidly rotating masses of 
gas of unequal densities which can glide by each other in a 
clearly marked surface of discontinuity. We have then, surfaces 
of discontinuity which can occur at any position we please in the 
inner regions of the Sun. We have no @ priori knowledge of 
their form except that, from grounds of symmetry, it coincides 
with rotation surfaces; but in most cases we shall be concerned 
only with more or less extended portions of such. At these sur- 
faces of discontinuity are given the conditions requisite for the 
formation of vast waves. 

On the axis of the Sun waves or trains of waves which are 
not indiscriminately placed, are always formed in huge propor- 
tions; rushing forward they overhang and from every wave, by its 
breaking, is formed a vast whirl, in which a complete equaliza- 
tion of the angular momentum and heat condition of both layers 
takes place. Only in this manner can a uniform cooling pro- 
cess in the rotating Sun occur, for the difference of the angular 
momentum hinders the formation of any considerable convec- 
tion currents in a radial direction; because of the smallness of 
the coefficient of friction, the internal friction cannot in a short 
time equalize the angular momentum; nor, in like manner, can 
the heat conduction equalize the different amounts of heat. 

This intermingling process just described should be investi- 
gated more fully. We have in the first place to determine the 
form and position of these surfaces of discontinuity, and hence 
the position of the layers of the Sun which are separated by 
them. 

Let us designate by & the distance of a particle from the 
center of the Sun, by 7 its distance from the Sun’s axis; and let 
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the Sun’s diameter be D. The angular momentum of unit mass 
which rotates about the Sun with angular velocity @ is: 


Geer" . (1) 

If g and p signify pressure and density, X, Y, Z, u, v, w 

acceleration and velocity in the direction of the axes 4, y, 2, 
then we have the hydrodynamical equations : 


1d p du du du au 
X-—-—- —u —v - w ° 
p ax at ax dy az 
1adp dv dv dv dv (2) 
—- —4 —v——w 2 
pdy at dx dy dz , 
I dp dw aw aw , dw 
—-—- -~— u —v — w— 
p az at ax ; dy ’ az : 
dp (pu) (pz’) (pw) 
— 7 ad + qd . ( 2¢ 
at i ax r dy az . *) 


The origin of codrdinates lies at the center of the Sun; the 
z-axis is coincident with the axis of the Sun; the y-axis lies so 
that it can be made to coincide with the z-axis by a positive 
rotation. X, Y, Z are the accelerations which the mass of the 
Sun.imparts to a unit mass situated within it. If this be at a 
distance RX from the Sun’s center, the potential of the total mass 
of the Sun upon it will be: 


D 


Vv f 1 ("RAR RaR | 
47 RI pit ¢ —_— s 


Therefore it matters not whether we regard the Sun as 
having a solid core or of a gaseous constitution throughout. 
(Throughout the gaseous part p is known as a function of &, as 
soon as the adiabatic which represents its indifferent equilib- 
rium and the nature of the gas are given.) If we consider the 
Sun not as a sphere, but as an ellipsoid, then in the following 
discussion V would have to be considered as the potential of 
this ellipsoid. The following equations are always true: 


av . dV . aVv 
> = Soa dy ' Po 
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We consider only a rotating movement about the Sun’s axis. 
Therefore : 


“Zw=0, 
v= @ Z as 
r*® 
w = @ ° 
: y= yy ° 


The three equations (2) may be reduced if the motion become 
uniform, to: 

aV ia 

ax + paX 

dV i1dp 


ro 
(3) 


2 


dr p dr r 
(2a) is identically satisfied. 


‘ . IG — — 
[he expression ——-, where s signifies any chosen direction, 
p : 


cf 

ds’ 
permits of an important transformation when the process is 
adiabatic. Define the condition of the gaseous mass at any 
definite moment by the values ~, and p,. If we treat the mass 
as in adiabatic condition, then all the values of fg and p which 
the mass passes through are related to f, and p, by the equation : 


p_b 
pe pe 


(if & is the ratio of the specific heats) and at any time 


P_HT (4a) 
p 
must be true. 


The amount of heat of a gaseous mass is measured by its 
potential temperature. This is usually defined as that tempera- 
ture which the gas reaches if it is brought adiabatically to a 
more accurately determined normal pressure. Inasmuch as, in 
contrast to such an arbitrary normal pressure, unit density is a 
magnitude immediately and clearly determined by the absolute 
system of measure, the following definition of potential temper- 
ature should be more suitable, as well as because it simplifies 
the formula whenever the potential temperature enters : 











44 R. EMDEN 


The potential temperature is that temperature which a gas 
reaches when it is adiabatically brought to unit density. We 
will call this temperature @. 

By this arrangement, without further explanation, the poten- 
tial pressure may be defined as that pressure which a gas exer- 
cises when it is brought to unit density. We will call this II. 
II and @ are constant for an adiabatic change. If the Sun is in 
adiabatic equilibrium, II and @ have a constant value throughout 
the whole solar mass. If a particle of the Sun radiates heat into 
space, I] and @ fall in value. 

Therefore we have from (4a): 

ii=—H®e. 

If we choose in equation (4) for p, and f, the values p,=1 and 
f.=Il, then the equation of the adiabatic becomes: 

p=—pH®. 


Using these relations, we may write: 
k—1 


1dp _ . ‘ dp 7 k tape 
<5 = (H®)* pF = (HO)t 





pds & 
Placing 
1 k-1 
Guns _ (470) , wp, 
we have: 
1 dp an axis 
i tee , 9=constant . 


As k>1,8@ varies directly with @, and can therefore also 
serve as the measure of the heat condition of a gaseous mass. 
In like manner 7 varies directly with f. Instead of two variables, 
p and f, we have but one, 7, because @ remains constant for adia- 
batic processes. In the case of adiabatic equilibrium, 6 hasa 
constant value throughout the whole solar mass. 

By reason of the above mentioned radiating and convective 
processes, layers may form in the Sun within which the heat 
condition and the angular momentum possess constant values, 
while both quantities change abruptly in passing from one layer 
to another. Such a layer, in which 6 and 2 are constant, is 
called a homogeneous layer. 
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By means of the foregoing expressions equation (3) may be 
written : 
aV dr 
- d6—=o0. 
dx "de ° 
dV | ydx_@ 
dr dx or? 


Within a homogeneous layer, therefore, the relation 
1? 
V + On = ~ — & holds. (I) 


Let us now consider two contiguous layers, I and 2, and dis- 
tinguish them by 
6, > Q, b C, 


_» £224 fs ce 


In order that a surface of discontinuity may exist, the pres- 


2) 


sure and also 7m must have the same values on both sides of it. 
On every portion of the boundary there must also hold the fol- 
lowing : 
TT, — T,— ° ’ 

where along this boundary 7, and 7, vary and, on the surface of 
the gaseous sphere, 7, and 7, assume the value 7, = 7,= 0. 

According to this we have as the equation of the meridian 
curve of the surface of discontinuity (the surface of contact of 
two homogeneous layers), expressed as a function of ry and RX: 


(1 I 11 /® Q GC c. 
r(5-3) sala a) ate: (11) 


I I 
The direction of the tangent to this meridian curve is given 
by differentiation with respect to ry and RX: 


aV ,. adr(©%6,— M8, 
dR A 6, — 8, ) 
or: 
aA (eer (111) 
aR aR \Q? 6, — 226.) © 
Therefore, the differential quotient always has the same sign 
as 
6, — 0, 
0 6, — 226, ° 


If this expression vanishes, which is the case when 0,=@,, 
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0,=,, then the meridian curve becomes a parallel to the Sun’s 
axis. 

The surfaces of separation between layers which are char- 
acterized by different angular momenta but possess the same 
amount of heat are, in this special case, circular cylinders, par- 
allel to the axis of the Sun and concentric with it." 

In order to obtain in the more general case a further insight 
into the form of these surfaces, and the position of the layers 1 
and 2, we will employ the process used by Helmholtz in his 
treatment of the surfaces of discontinuity in the atmosphere. 

The equation of the surface of separation reads 7,— 7,0 
and therefore for every direction, s, within the surface of separa- 
tion, 

a(x, — 7.) 
as 

If we subject the surface at a certain point to a small defor- 
mation, 7, and 7, will change and thus 7,—~7,, in case the 
equilibrium of the surface is not, by chance, indifferent. If we 
mark off, on the normal to the surface, a small portion dn, then 

d (x, — 7.) aol 
the quotient - — can be positive or negative, and, for a 
continuous pressure-distribution on each side of the surface, the 
, , a a(r r,) 
same sign is also possessed by the quotient Th ~ where / is 
drawn in any direction we please. If the differential quotient 
be positive, the deformation will cause on that side an excess- 
pressure which will force the surface back again; the equilibrium 
of the surface is then stable. If the differential quotient be 
negative, then the ensuing difference of pressure will increase 
the deformation and the equilibrium becomes unstable. To 
determine the kind of equilibrium it is sufficient to form the dif- 
ferential quotient in the two directions, dr and dR, and see into 
which layer dr or dR projects for the case of stable equilibrium. 
We first perform the operation or with constant 7; that 


*Compare E. J. WILCZYNsKI, Hydrodynamische Untersuchungen mit Anwen 
dungen auf die Theorie der Sonnenrotation. Inauguraldissertation. Berlin, 1897. P.8. 
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is, we pass outward parallel to the Sun’s axis. Equation | 
gives 

a(m,—7,) aV(i I 

— aR AC - 5): 7 


The differential quotient is + if 0,> 6,; therefore, if the 
warmer layer lie higher in a direction toward the Sun’s pole, the 
equilibrium of the surface is stable. 

There still remain two possibilities. If we approach the 
boundary from within we can either approach or recede from the 
Sun’s axis. In the first case the hotter layer lies on the side of 
the surface away from the axis; in the second the point itself 
may be on the side turned toward the Sun’s axis. In order to 


‘ , a(r,— 7.) : : 
separate these we form from equation I, oe , keeping A 
¢ 
constant, and obtain: 

ad (ax, — 7.) I (F Q: (8 
dr r\ 6. 9) ” 

oa law ; P ; ae .- Q? _— 
rhe differential quotient is positive if j > ° that is, if the 


I 


gas having the greater angular momentum, Q,, is the cooler 
or at least as cool as the other. In the Sun, when prevented 
from radiating, 6 has everywhere the same value, and 2 increases 


from the axis to the equator. With radiation taking place @ 
ro dana ais : - 
diminishes uniformly over the entire surface, so that ) increases 


from pole to equator and from the Sun’s axis perpendicularly 
outward. Moreover, if cooling occurs, @ decreases for the mas- 
ses which lie at the surface and are sinking, therefore 2 
increases; while the rising masses are characterized by greater 0 
and smaller 2. On this account in the layers of the Sun toa 
greater 0 always belongs a lesser @. 

If we move along the surface of a sphere surrounding the 
center of the Sun, then at stable equilibrium the layer which is 
hotter and has the smaller angular momentum lies on that side 
of the surface of separation which is turned toward the axis of 
the Sun. 
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The surfaces of separation of the layers which must be 
formed through radiation in the rotating Sun occupy therefore a 
position such that, in our motion on the same, we would recede 
from the Sun’s axis if we move outward. Thus the layers which 
are warmer and have the smaller angular momentum lie on that 
side of the surface of separation, which is turned toward the 
Sun’s axis. 


In agreement with this (III) shows that aR is positive. 
¢ 


If we pass outward, parallel to the Sun’s axis, we continually 
come upon warmer layers, in the same way as if we approached 
the Sun’s axis from the equatorial plane along the surface of a 
sphere. On this account by no two paths can we twice cut the 
same surface of separation. Therefore it follows that: 

The boundary surfaces are not closed, but are surfaces of 
revolution which cut the surface of the Sun. 


The angle of intersection is given by the value of = at the 
t/ 


Sun’s surface. 
Of the form of this surface we can, in general, say little; it 


is determined by From (III) it follows that: 


adr dV 6.—86 
<i a 3 
ak” dR O0,—20, ” L(R) o(2, 8). 


If the gas constant and the ratio of the specific heats of the 


ao TV ; a 
Sun’s masses are known, 1(R) Fp can be calculated with sufficient 
rf 


accuracy for the state of adiabatic equilibrium.’ 

From a value of o at the center it increases, then, after 
crossing a maximum, the position of which on the radius is 
given by &, it decreases to the value, — g, on the surface. Of 
the value of the function ¢ (Q, @) we can say nothing without a 
knowledge of the magnitudes of 0 and 6, except that it is + 
and increases with increasing difference of the amount of heat 


A. RITTER, “ Untersuchungen iiber die Ho6he der Atmosphare und die Konstitu- 
tion gasformiger Weltkérper,” Wied. Ann., XI, p. 332, 1880. 
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in the two layers. If we pass a plane through the # (Sun’s) and 


; . dr 
y axes then we may also write for the equation 7R : 
d ¥ é 





dx 1 R 
ys \7em, }~?) 
and we see from this that the surfaces of separation cut the 
equatorial plane perpendicularly and that, at the same place, 
within the Sun, the tangents to the meridian 
curve are so much the steeper with refer- > 
ence to the equatorial plane, the smaller the 
value of @ (Q, 0) is. Eapaler 
The curvature of the bounding surfaces 


increases with increasing difference in the heat 5 


condition and angular momentum of the two » 
; IG. I. 


adjacent layers. If the angular momentum 

alone, and not also the potential temperature, of the two layers 
were different, the surfaces of separation would be cylindrical 
surfaces parallel to the axis of the Sun. 

The form of the surfaces of separation is shown in the 
accompanying figure. 

A division of the rotating Sun into an indefinitely great 
number of such homogeneous layers would give a condition of 
stable equilibrium, provided we neglected the friction between 
the bounding surfaces, so that, upon motion outward along the 
equatorial plane, layers of greater 2 and smaller @ would con- 
tinually be met with. 

Each one of these rotating layers shows an entirely different 
relation from that exhibited by the Sun conceived as rotating as 
awhole. While the latter possesses the same potential tempera- 
ture throughout its whole mass, in the former it has a constant 
value only within one layer, and this changes its value abruptly 
at the surface of discontinuity. In every layer the moment of 
rotation is always constant; the smallest impulse is sufficient to 
cause a part of the mass to pierce a layer in any direction. In 
each layer there exists a velocity potential, while the rotation of 
the Sun causes a whirling motion. Within each layer the 
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ngular velocity increases inversely as the square of the radius of a 
rotation, the linear velocity inversely as the first power, and the 
centrifugal force inversely as the third power of the same. The 
difference of the linear velocity at the surface of contact of two 
layers is therefore not constant but increases in proportion as 
the boundary surface approaches the axis. The lower down the 
surface is within the Sun the greater will be the difference of its 
tangential velocity, and, on this account, the greater will be the 
effect of friction along the separating surface. 

The formation of these layers, and the form of the separa- 
ting surfaces, is wholly independent of the presence of a solid 
core in the Sun. In this latter case the formation of layers would 
be restricted to the surface ; and the solid core of the Sun, with 
the stratified gaseous envelope reaching to the photosphere, 
would correspond fully to the Earth with its stratified enveloping 
atmosphere. The sole difference is this—that the position of 
the layers and their bounding surfaces, corresponding to those in 
the Sun, can only occur in an exceptional and locally-bounded 
manner in the atmosphere of the Earth, where, in general, the 
tangents to the meridian curve of the surface of separation cut 
the celestial sphere between the horizon and the pole. The rea- 
son for this lies in the fact that at the equator the atmosphere 
almost always possesses the greatest angular momentum and also 
the greatest amount of heat, so that by reason of the heating the 


quotient diminishes ; while in the case of the contiguous lay- 

ers in the Sun greater angular momentum is accompanied by a 
eee 

less amount of heat, and through cooling g increases. 

Let us suppose that there occurs between the two layers at 
their boundary a mixture of masses m, and m, of the two layers 
characterized by 0, 6, and 2,0,; we may compute the resulting 
angular momentum @ of the mixture (because only inner forces 


are operative) and the potential temperature, 6, according to the 


law of the center of gravity. 
(m, + m,)Q =mQ,+ mQ, 
(m, + m,)6—=m6,+ m6, 
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Equation III was: 
adVdR 1 (" ~ oe 
@Rdr wr 6,— 6, 
Subscript I applies to the warmer layer. In order to find the 
position of the bounding surface of the mixture on the side toward 


. ar 
layer 1, which may be denoted by 77 , we must replace 2, and 
) ; Y OR. 


9, in this equation by Q and @ and we find : 
wil oa aR m@, (| (Q2,—Q,) | 
dr \ dr, 4 m,+m,\ 6,—8, \ 
0 


and, as 0 >. we have: 


adr 
” @ 


The new bounding surface on the side toward layer I is 


therefore more strongly inclined to the equatorial plane than the 
original. In like manner we obtain for =, which gives the 
position of the bounding surface of the mixture on the side 
toward layer 2: 
aV (dR, aR m,@,  §(Q,—,)? 
dr ( dr, 3) m, + m. ? 6,— 8. 
and therefore : 

dr, _aR 

dR, ~ dr” 

The new bounding surface on the side toward layer 2 there- 
fore stands more steeply inclined to the equatorial plane than the 
original. From the point chosen at which the mixture took 
place, two new bounding surfaces are formed which seek to 
penetrate layers I and 2 and bound a roof-like empty space 
open in the direction of the equatorial plane. On this account 
the intermingled parts must move along the original bounding 
surface toward the equator (the normal relation in the atmos- 
phere of the Earth being toward the pole). In proportion as 
more and more masses enter into the mixture the mixed layer 
will also move outward along the bounding surface into the 
empty space, and form a new layer of mean angular momentum 
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and mean heat condition, which lies between the two original 
layers and in contact with them. 

Now it is quite certain that the Sun, or at least the gaseous 
part of it, is not completely split up into a more or less great 
number of such homogeneous layers. We have rather to con- 
ceive of the processes actually entering in in such a way that 
more or less extended portions of these surfaces of discontinuity 
are formed during the cooling of the rotating Sun from without. 
The difference of the linear velocity on the two sides of the sur- 
face of separation causes this to form waves which become con- 
tinually larger and finally overhang and break and thus change 
into a vast whirl, the inner part of which is filled with a mixture 
of extensive portions of the masses of both layers. In between, 
in other places, new bounding surfaces have been produced by 
newly formed layers in which the same mixing process is 
repeated. Solely by a mechanism such as the one described, a 
mechanism which has nothing hypothetical in it, and which must 
of necessity occur in a fluid rotating mass radiating heat, can a 
uniform cooling of the Sun’s mass take place, and a much too 
rapid cooling of the outer layers be prevented. For heat con- 
duction and internal friction of the gases are too small to account 
for the equalization of heat condition and angular momentum. 
Only by the above portrayed formation of surfaces of discon- 
tinuity, and their rolling up through mingling of the gases 
involved, can the different angular momenta and potential tem- 
peratures be equalized. 

We have already shown that in a homogeneous layer the 
angular velocity diminishes as the square of the distance from 
the rotation (Sun’s) axis. It follows, therefore, that it is impos- 
sible to speak of an angular velocity of the rotating Sun. If the 
Sun were by chance to rotate at any time with a constant angu- 
lar velocity everywhere, this constancy would be destroyed by 
the formation and intermingling of layers which would occur. 
The angular velocity must be variable, not only throughout 
the whole Sun’s mass, but also in the course of time at one 
and the same point. It is not necessary that throughout the 
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mass it should vary uniformly at any one moment, but it 
may change at a surface of discontinuity in an abrupt manner. 
If a section be made across a surface of discontinuity in the 
Sun’s upper surface (photosphere) , parts will be obtained which 
will move by each other with unequal angular velocities. This 
consideration is of value with reference to the potential tem- 
perature. If & for the solar mass, and the function $(Q, @) be 
known, then we can calculate approximately the mean distribu- 
tion of velocity (angular momentum ) and potential temperature. 
By reason of the absence of such data we must use the follow- 
ing general reasoning : 

If the Sun were stationary and were cooling at its surface, 
then the process of cooling would be uniform over its entire 
surface, because the intermingling produced by the convection 
streams would extend to equal depths of the Sun. If the Sun 
rotate, then those streams which at the poles pass along the 
Sun’s axis are in no way disturbed. But the nearer we approach 
to the equator, the less deep can the streams penetrate, and the 
nearer to the surface will they be confined by the formation of 
surfaces of discontinuity ; and the exchange of heat energy 
can take place only through the rolling up of these and the 
formation of other surfaces much more slowly in the depths 
of the Sun. The loss of heat in the equatorial parts will, 
on this account, take place more slowly than in_ polar 
regions ; the potential temperature of the latter must therefore 
remain, in general, higher. But, as under equal pressure the 
actually observed gas temperature increases with the potential 
temperature, we may frame the following law: 

(az) The surface of the Sun must possess in the polar regions 
a higher temperature than at the equator. Whether this differ- 
ence is sufficiently great to be determined by radiation measure- 
ments must be settled by experiment. 

We may arrange this whole discussion with reference to 
the exchange of angular momentum (velocity) in polar and 
equatorial regions. The surface of the Sun contracts as a result 
of cooling; its angular velocity increases, and the exterior must 
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advance toward the core. In the polar regions the convection 
currents which are undisturbed, even at the greatest depths, 
account for the exchange of angular velocity. The nearer we 
advance toward the equator the sooner are the currents restrained 
by surfaces of discontinuity, and the more slowly do they, by 

the progressive rolling up and formation anew, 


] impart to the lower portions an_ increasing 
Mi velocity from the outside. There follows thus 
\) the well-known law: 
(6) The surface of the Sun must possess 
s in its equatorial regions a greater angular velocity 
FIG. 2. 


than in its polar regions. 

Laws (a) and (4) are parallel laws which are based on the 
same ultimate cause. 

As to these surfaces of discontinuity, the process of their 
rolling up is marked in still a different way than by the retarda- 
tion of a uniform angular velocity of the rotating Sun. 

The difference of linear velocity produces surfaces and waves 
which finally overhang and break. In the place of every train 
of waves there is formed a powerful whirl which revolves in the 
direction of the Sun’s rotation, and does not lie greatly inclined 
toward the Sun’s axis. The difference of linear velocity on the 
two sides of this surface of separation increases with proximity 
to the solar axis (p. 49). Therefore the location of the maxi- 
mum wave- and whirl-formation will be found within the Sun 
and not on its surface. In Fig. 2 we see such a whirl schemati- 
cally. The theory of the vortex shows that the pressure 
decreases along its axis. Therefore the whirl sucks a mass in 
along its axis only to eject it again at other points. This 
cyclonic, sucking action of ouratmosphere is well known; every 
‘vertical whirl in a river asserts itself in a depression of the sur- 
face. If the whirl which forms by the rolling of the surface of 
discontinuity is not too far from the Sun’s surface it will show 
itself like the whirl upon the surface of water. If we grant the 
validity of Wilson’s theory of the constitution of Sun-spots as 
depressions in the Sun’s surface, then we need only to seek their 
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cause in the Sun whirls in order to obtain a satisfactory explana- 
tion of most of the phenomena which we observe in the case of 
Sun-spots and their accompanying manifestations. 

We cannot in the space allotted this treatise discuss the 
whole vast material of observation dealing with Sun-spots with 
a view to elucidating the whole question in this way. It is 
sufficient here to show that the characteristic phenomena which 
Sun-spots offer can be predicted @ priort if we connect them 
with these whirls in the interior of the Sun. 

If a surface of discontinuity not too far distant from the 
surface of the Sun roll itself up, then the resultant whirl will 
gradually be shown upon it in the manner just mentioned. 
Disturbance of the surface and multiplied formation of facule 
are signs of Sun-spot formation, and, according to our point of 
view, a proof that the mill within the Sun is already in action. 
The sucking action of the whirls will soon lay hold upon the 
masses which lie on the surface of the photosphere. At one or 
more points the masses are beginning to sink. There is being 
formed a highly irregular crater; the streaming becomes gradu- 
ally stationary, and in the same degree the crater assumes a 
regular cross-section. The photospheric masses are rushing 
into this crater in radial streams, the appearance of the absorp- 
tion lines in the spectrum shows the violent motion within this 
whirlpool. ‘The darker parts as well as the rest of the core are 
clearly the openings of tube-like cavities which extend into 
unknown depths”’ ( Dawes). 

The masses which are sucked in must be replaced by masses 
from the interior of the Sun and the Sun-spots therefore will be 
surrounded by a region rich in facule and protuberances. “A 
spot is, as a matter of fact, generally surrounded by a ring of 
eruptions, and has an appearance as if the eruptive masses were 
flowing together into one and the same cavity, as if the masses 
were actually being sucked down, as if a spot exhibited a suck- 
ing effect which is strong enough to draw into the interior of 
the spot the broken masses surrounding it’’ (Young). 

When the whirl has gradually exhausted itself by friction in 
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the Sun's interior parts, the sucking ceases, the crater in the 
Sun’s surface fills up, and only after the lapse of time does the 
increased activity of faculz at this point show that in the interior 
of the Sun forces are still active which gradually die away. 
If, while the whirl is still in existence, a current does not flow 
in the direction of the axis because of the asymmetry which 
enters, then the crater on the Sun’s surface may disappear to 
appear again after the renewal of the symmetrical flow. In this 
way Sun-spots often disappear and again break out at the same 
point. If the waves and whirl arise at too great a depth, their 
arrival at the surface will be attended by increased formation of 
faculz, not in the formation of craters. In this manner the 
‘veiled spot’’ mentioned by Trouvelot is explained (cf Youna, 
The Sun, p. 129). 

If the whirl originates near the Sun’s surface its direction of 
rotation (in the direction of the solar rotation) must become 
apparent in the motion of the spots in a similar direction, such 
as is observed sometimes. Generally the whirl arises at a con- 
siderable distance from the Sun’s surface, so that the direction 
of motion of the spots is chiefly conditional upon the unsym- 
metrical side-currents of the masses which are sucked in. The 
diverting force of the Sun’s rotation, in the case of slow angular 
velocity, has little influence upon these currents (at the same 
latitude and with equal angular velocity about twenty-five times 
as small as upon the Earth), especially in the lower latitudes in 
which most of the spots are found. Hence it may also readily 
happen that in one and the same spot a difference of direction 
of rotation may be found owing to the lack of symmetry of the 
currents. 

The origin, appearance, and disappearance of spots are fully 

“explained, according to Wilson, by the rolling up of the sur- 
faces of discontinuity. Quite as clearly in this manner the dis- 
tribution of spots over the Sun’s surface can be explained. 
Fig. 1 shows the manner of the formation of layers and a 
study of it indicates that a zone of minimum spot-activity must 
often be present about the equator. Only as an exceptional 
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case—perhaps unsymmetrically formed—can a surface of 
separation by an unsymmetrical rolling up cause a spot in this 
region. Moreover, in higher latitudes, surfaces of discontinuity 
are seldom formed, and then such that with them only at great 
depths does there enter a sufficient difference of linear velocity 
on each side, and as a result a wave- and whirl-formation. In 
higher latitudes we often find faculz, also veiled spots, but no 
full-fledged spots. In middle latitudes lie the positions of maxi- 
mum spot-activity; these latitudes are marked by the maximum 
formation of layers and are indicated even on the surface by the 
great difference continually existing in their angular velocity. If 
the function @ (Q, @) were known then the position of maximum 
spot-activity could be calculated. As long as this is unknown we 
must rather inversely conclude, from the frequency of spots, as to 
the positions of maximum layer formation. Therefore, most sur- 
faces of separation must be formed in middle latitudes where the 
direction of the tangent to the parts lying nearer to the Sun’s 
surface cuts the latter at angles varying from 10° to 40°, because 
between these boundaries (with few exceptions) the spot-zone 
is enclosed. This position of the maximum, and most active, 
layer formation has no element of improbability about it, so 
that we may explain on the basis of our hypothesis the distribu- 
tion of spots in a purely mechanical and unconstrained manner. 

Sun-spots frequently occur at the same latitude arranged 
in series. Our hypothesis anticipates this. For the surface 
of discontinuity does not often form a wave; but several waves 
follow one another. To every train of waves there corresponds, 
upon its dissolution, a whirl, and to every whirl there may cor- 
respond a Sun-spot. Thus spots originate which usually occur 
at equal latitudes at approximately the same time. (A series of 
Sun-spots and a system of parallel-formed cirrus layers in our 
atmosphere are produced by similar mechanisms. ) 

After a period of minimum Sun-spot activity, spots, entering 
again in great numbers, begin to form in higher latitudes, and 
the formation of spots then advances into lower latitudes. Our 


hypothesis anticipates this. If the Sun’s mass be at the period 
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of greatest quiet, then the masses cooling at the surface can 
cool comparatively strongly before they sink. The surfaces of 
discontinuity begin to form in greater depths and higher lati- 
tudes, and similarly the Sun-spots. In proportion as the Sun 
is active will the unstable equilibrium of the cooling masses at 
the surface be more easily destroyed; the masses must sink 
earlier and in a less cooled condition, and corresponding layers 
and spots are formed in lower and lower latitudes. 

By the loss of the unstable equilibrium planets may possibly 
be influenced by Sun-spot phenomena. 
a proper motion. A simple vortex filament in an infinite, 
extended, motionless fluid possesses no proper motion. But if 
it lie adjacent to a solid wall or toa parallel fluid surface, then it 
will move parallel to this surface in the same direction as in con- 
sequence of its rotatory movement the liquid between the whirl 
and the wall flows along, and with a velocity equal to one fourth 
of that with which the fluid flows at the base of the perpendicu- 
lar let fall upon the solid wall. The whirl in the inner part of 
the Sun does not lie parallel to the Sun’s surface; but if we 
resolve it into two component whirls, perpendicular and parallel 
to the Sun’s surface, then the latter will have a large value for 
the whirls in lower latitudes. In the lower latitudes the whirls, 
particularly if they lie not too deep, must possess a proper 
motion and must certainly move in the direction of the angular 
movement of the Sun. We thus throw light upon the law of 
Dunér, that from the observation of Sun-spots we obtain a 
greater angular velocity for the Sun than from spectrum observa- 
tions based on Doppler’s principle. The whirls which are not 
perpendicular to each other exert a mutual influence on their 
proper motion, by which fact we can explain the complicated 
proper motion of Sun-spots mentioned by Faye. The phenome- 
non of a whirl (Sun-spot) splitting up into several whirls can be 
frequently observed in the corresponding case of a whirlpool in 
a liquid. 


Inasmuch as according to this explanation Sun-spots are the 
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consequences of a mixing process on the rotating Sun, at the 
time of their maximum frequency the loss of heat at the Sun’s 
surface will be equalized most completely by the mixing with 
lower-lying hotter masses. The times of maximum Sun-spot 
activity will, therefore, coincide with the periods of increased 
solar radiation (fluctuations of climate). 

Young has stated (Zhe Sun, p. 173) the possibility ‘that 
spots found in the region of eruptions are depressions of the pho- 
tosphere which are developed—as a consequence of eruptions— 
not directly by the pressure of the upper layers on the lower, but 
by the diminution of the pressure of the lower upon the upper.” 
On this he sought to base a rather ingenious theory of Sun-spots. 

The formation of a whirl by the rolling up of the surfaces of 
discontinuity gives directly the diminished pressure in the 
interior of the Sun sought by Young. Faye’s vortex theory 
possesses, on account of its manifold advantages, the possibility 
of great extensions despite the fact that, contrary to experience, 
the interior Sun-spots must rotate as a whole in the same direc- 
tion as the Sun and that the mechanical explanation of this state 
of affairs in the whirl is not free from objections. The theory 
outlined here possesses all the advantages which are exhibited 
by Faye’s theory, and none of its disadvantages. 

Inasmuch as over the spots, in case they arise from the suck- 
ing of the whirl at work within the Sun, there must enter a 
descending stream of the gas surrounding the photosphere such 
as Oppolzer postulates as the basis of his theory of Sun-spots, 
here, then, the various advantages of Oppolzer’s theory are 
developed to good effect. The descending streams from which 
Oppolzer started here find their explanation. 

The formation of layers, velocity of rotation variable in space 
and time, and forms analogous to the Sun-spot, are the necessary 
consequences of the cooling process — produced by radiation — 
in a rotating celestial body composed wholly, or only in its 


outer layers, of a fluid mass. 





—— 

















MiInoR CONTRIBUTIONS AND NOTES 


AN EXPERIMENTAL INVESTIGATION OF THE PRESSURE 
OF LIGHT.’ 


KEPLER was probably the first (in 1619) to attribute the form of 
comets’ tails to a repulsive force from the Sun, and to explain this 
repulsion as the result of the pressure exerted by the Sun’s rays on the 
matter in the tail. The same phenomenon also led Euler, in 1746, 
to ascribe a pressure to the solar radiation, and in 1754 de Mairan 
made the first attempts to test these ideas experimentally, but he did 
not obtain a positive result. 

A dual theoretical basis for the pressure of radiation was inde- 
pendently and almost simultaneously given by Maxwell in 1873, as a 
consequence of the magnetic theory of light, and by Bartoli in 1876, 
as a consequence of the second law of thermodynamics. 

If a beam of parallel rays is normally incident on a plane surface, 
the amount of the Maxwell-Bartoli light-pressure f is determined if 
we know the quantity of energy £ received per second, the reflecting 
power p of the surface, and the velocity v of light. For then 


E 
p > ite) » 


where p varies between o for an absolutely black surface and 1 for a per- 
fectly reflecting surface. 

This pressure is very small: for solar rays falling normally at the 
Earth’s distance upon a square meter, the pressure exerted is 0.4mg 
for a black surface and o.8mg for a mirror. 

In the experimental investigation of the pressure of light, two 
large sources of disturbance arise, the one due to the well known 
radiometric forces discovered by Crookes, and the other to convection 
in the residual gas. It is possible, however, to diminish these dis- 
turbing forces and to make their effect on the observations harmless, 
if the experiments are made with very thin metal vanes and the 

* Translated from an abstract communicated by the author of his extended paper 
in Annalen der Physik, 6, 433-458, 1901. 
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exhaustion is carried as far as possible by using a mercury pump and 
condensing the mercury vapor by freezing mixtures. 

Without entering into the details of the experimental arrange- 
ments, the principle of the method employed may be briefly explained 
as follows: A torsion thread hangs in a highly exhausted bell jar and 
carries a vertical glass rod. Thin disks of 5mm diameter, of the 
metal to be investigated, are attached to this rod at a distance of 
10mm from its axis. If the radiation from an arc lamp is concen- 
trated on one of the disks the incident radiation will exert a pressure 
upon it, and it will retire until the pressure due to radiation is balanced 
by the torsion of the glass thread ; the angle of torsion is measured by 
a mirror and scale as for a galvanometer. This observation permits 
the determination of the aéso/ute magnitude of the pressure (in dynes) 
if the directing force of the torsion thread is measured in absolute 
units by one of the well known methods. 

In order to compare the observed pressures with those computed 
according to Maxwell and Bartoli from the amount of energy incident 
and the reflecting power of the vane used, the same beam of light was 
directed upon a circular aperture of exactly the same size as the vane, 
and the rays passing through were caught by a calorimeter. If we 
divide the quantity of energy incident per second, as measured by the 
calorimeter, by the velocity of light, we obtain the amount of pressure 
in dynes exerted by the light upon a perfectly absorbing body, accord- 
ing to Maxwell and Bartoli. 

The measurements, which were made repeatedly and with different 
apparatus, yielded accordantly the following results : 





RADIATION PRESSURE 








Vane Used ‘cies i maienn 

| Observed | Computed 
Black, platinum plated .......... |} «I.r | 1.0 
WAR eile siisciiscscncecied 1.8 | 1.6 
Bright aluminium. ..............| 2.0 | 1.8 
EE IN loco sees ce wales hace | 1.4 | 1.6 





For such complicated and difficult measurements a better agreement 
between observation and computation cannot be expected. A discus- 
sion of the possible errors of observation shows that they are con- 
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siderable, but that within the limits of error the existence of the light 
pressure of Maxwell and Bartoli are guantitatively confirmed. 

This result is of importance to astrophysics as furnishing a much 
simpler explanation of the repulsive force of the Sun than the hypo- 
thetical ones of electrical charges. A firm basis, amenable to com- 
putation and assured by experiment, is thus given to the view expressed 
by Kepler. 

PETER LEBEDEW. 

PHYSICAL INSTITUTE, Moscow, 

November, Ig01. 





PRESSURE DUE TO LIGHT AND HEAT RADIATION.’ 


ALTHOUGH the idea of a pressure due to radiation is at least three 
centuries old, and definite experiments directed toward its measure- 
ment were made a century and a half ago, yet Maxwell’ was the first 
to accurately state the theory of a radiation pressure, in the form in 
which it is now held. In astrophysics the problem is interesting, not 
alone for its bearing upon the repulsion of comets’ tails by the Sun’ 
but also for its possible effect upon the Solar Corona and the Aurora 
Borealis.* 

The present experiments were of two kinds: (1) The determina- 
tion of the light pressure by observing the deflection, either static or 
ballistic, of a torsion balance when one vane of the balance was 
exposed to light, and (2) the determination, in ergs per second, of the 
intensity of the light falling upon the vanes. The image of an aper- 
ture, upon which the rays from an arc lamp were concentrated by two 
condensing lenses, was focused in the plane of the glass vanes placed 
symmetrically with regard to a rotation axis held by a quartz fiber of 
known torsion coefficient. The torsion balance was covered by a bell 
jar connected to pressure gauges and a mercury pump. To eliminate 
the disturbing action due to the residual gas in the receiver, the follow- 
ing devices were used : (1) The vanes were silvered and highly polished, 

*An abstract of a paper read in Denver, August 29, 1901, before a joint session 
of the American Physical Society and Section B of the American Association for the 
Advancement of Science. 

2J. C. MAXWELL, Ziectricity and Magnetism, ist ed., Oxford, 1873, 2, 391. 

3P. LEBEDEW, Wied. Ann., 45, 292, 1892. 

4S. ARRHENIUS, Konig. Vetenskaps-Akademiens Foirhandlingar, 1900; also 
ASTROPHYSICAL JOURNAL, 13, 344, 1901. 
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thus making the absorption small and the reflecting percentage large. 
(2) The silver surface of one vane was turned towards, and of the other, 
from the light, thus making the effect of the gas action and light 
pressure in the same direction on one vane, and in opposite directions 
on the other. (3) The pressure of the air in the bell jar was varied, 
and pressures were chosen in the vicinity of that pressure at which 
the gas action was very small. (4) The length of exposure of light 
on the vane in most of the observations was only six seconds. ‘The 
gas action, which begins at zero and increases with the length of 
exposure, was thus reduced in comparison with the instantaneous 
action of the radiation pressure. By means of an inclined glass plate 
placed in front of the aperture, a portion of the incident light was 
thrown on athermopile. The deflection of a galvanometer connected 
with the latter gave the re/ative light intensities. 

Two methods of determining radiation pressure were used : 

(1) The vane was exposed continuously to the light until the turn- 
ing points of the vibration of the balance showed that static condi- 
tions had been reached. The other vane was then exposed. Finally 
the whole suspended system was turned through 180°, and the vanes 
were exposed in turn. The mean of the angles of deflection, multi- 
plied by the torsion coefficient of the fiber and divided by the lever 
arm, gave the force in dynes acting on the vane. (2) The vanes were 
exposed in the same order as before, but only for a quarter of the 
period of the suspended system. The period, damping coefficient, 
torsion coefficient, and lever arm being known, the value of the radia- 
tion pressure could be found. The two methods gave practically the 
same result except for the air pressures for which the gas action was 
large. 

Measurements of the radiation pressure were made with eight dif- 
ferent gas pressures in the bell jar. A comparison of the static with 
the ballistic deflections, within this range, showed that the pressure 
due to gas action varied from 5 of, to 6 or 7 times, the radiation 
pressure. The radiation pressures observed by the ballistic method 
and reduced to constant radiant intensity, are given in the accompany- 
ing table: 





1 
4 
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Gas pressures in millimeters Radiation pressures 
of mercury in 10-4 dynes 

96.3 - . - - - 09 
67.7 - - - - - 1.0 
37-9 ° - ° - - 50 
36.5 - - - - - 1.0 
33-4 - - - - 1.0 

I.2 - - : - - 1.0 

0.13 - - - - - 1.3 

0.06 - - - - 1.1 


Mean 1.04 X 10-4 dynes. 


The energy falling upon the vanes was measured by means of a 
bolometer consisting of a thin disk of platinum, about the size of the 
vanes, covered with platinum black. The bolometer, occupying 
exactly the position which the glass vane had previously occupied, was 
made one of the arms of a Wheatstone bridge. The bridge was bal- 
anced, the bolometer exposed to the light, and the throw of the bridge 
galvanometer read. Later the disk was heated by an electric current 
which entered and left at two equipotential points on the bridge cur- 
rent, and the galvanometer throw was read again. The current strength 
and the resistance of the disk being known, the energy developed in 
the disk is 7? X107 ergs per second. The reading of the thermopile 
before mentioned made it possible to reduce all observations to a con- 
stant lightintensity. If = energy per second falling upon a surface, 
a = the percentage of the radiation reflected from the silvered vane, 
v = the velocity of light, then, theoretically, the value of the radiation 

i+a)FE 


Lc 
pressure is ————_ . 


¢ 
In the experiment, R = 0.278 ohm; the current causing the same 
resistance changes in the platinum disk as the light source, was 70.75 
amp.; @ = 0.92, and v = 3 X 10. We have thus 


1.92 X 0.278 X 0.75 X 107 
3 , 10” 





= 1.34 X 10 * dynes. 


The observed value of the radiation pressure is thus seen to be 
about 80 per cent. of the theoretical value as computed from the heat 
measurements. Unfortunately there were certain systematic errors in 
the energy measurements due to the construction of the bolometer 
and which could not be eliminated. The writers have therefore 
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greater confidence in the accuracy of the observed radiation pressures 
than in the theoretical values computed from the heat measurements. 

E. F. NicHots and G. F. HULL. 
DARTMOUTH Col LEGE, 
Hanover, N. H. 


SPECTROSCOPIC BINARIES: A SUGGESTION. 

THE spectroscopic binaries are naturally divisible into two chief 
classes, which may be conveniently distinguished by the Roman 
numerals I and II. Class I comprises those systems in which one 
component only yields a perceptible spectrum ; in Class II the spectra 
of both components are visibly superposed. Stars of the first class — 
so far as our present knowledge extends — are distinctly more numer- 
ous than those of the second. But the latter are in general more 
interesting, since the study of such systems must lead frequently to 
conclusions of special value to the astrophysicist. 

As an illustration, I may point out that it will be possible to deduce 
the average mass* for stars of Class II; to compare the mean masses 
for stars of different spectral types, or those comprised in different 
orders of magnitude, etc. By combining such results with photo- 
metric, parallactic, and other data, we may further investigate the rela- 
tion between mass and intrinsic brightness, which is one of the 
fundamental problems of stellar physics. 

The preponderance in numbers of Class I, as noted above, may 
prove to be illusory. In other words, a careful examination, by special 
methods of these star-spectra would doubtless often reveal the supposed 
absent secondary spectrum. Such is my suggestion, and it now 
remains to point out the nature of the special methods referred to. 

In general, a marked disparity in brightness between the compo- 
nents of a binary star is accompanied by dissimilarity of the spectra. 
Thus, if the primary spectrum be of the solar type (or some closely- 
related sub-type), the secondary spectrum is almost invariably of the 
type of Sirius. 

*If m, denote the required mean mass (the Sun’s mass being taken as unity), I 
find 


mt 


0 


[7.24630] ZUV?, 


where is the number of binaries, U the period of revolution in days, and V cosec, 2 
the relative mean orbital velocity in kilometers per second. It is here assumed that x 


is very large, and that the orbit-poles are distributed equally in all directions. 
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Now the contrast in brightness of such spectra should be much 
reduced (or even reversed) in the extreme ultra-violet region, whose 
radiations are largely absorbed by object-glasses and prisms." Hence 
a direct concave grating spectroscope’ should be utilized for the pur- 
pose suggested ; or, in lieu of this, a reflecting telescope, with grating 
or quartz prisms. 

On the other hand, isochromatic plates might prove to bea valuable 
auxiliary. For in some cases — perhaps not infrequently — the secon- 
dary lines or bands might appear to best advantage in the more lumi- 
nous part of the spectrum.’ The plates used should be of various 
grades, with the region of maximum sensitiveness at different wave- 
lengths.‘ 

These methods should be supplemented by certain devices of a 
purely photographic nature. By varying the exposures ° between wide 
limits, and by resorting to known processes of development and inten- 
sification, it will Le possible to greatly emphasize the relatively weak 
spectra, and, in acorresponding degree, to increase the chances of their 
detection. 

Polaris with its relatively close companion, would form an admir- 
able subject for preliminary experiments in the direction indicated. 
The star has a distinct yellow tinge, its spectrum being closely allied 
to the solar type. A photograph of this spectrum, obtained under the 
conditions noted, might well reveal the extreme ultra-violet bands of 

*Sir William Huggins has called attention to a certain falling off in brightness 
in the ultra-violet spectra of white stars. On the other hand we have ample evidence 
that the spectra of Sirian stars extend considerably further into the ultra-violet than 


do those of solar stars of equal brightness. 
2 See ASTROPHYSICAL JOURNAL, March 1898, p. 157, and June 1899, p. 29. 


3Other factors than relative brightness must of course be considered. A very 
favorable case would be that of the projection (or partial projection) of a well-defined 
line in the secondary spectrum upon a strong dark line or band of the primary spec- 


trum. 


4In accordance with Sir William Abney’s recent researches, much may depend 
here upon the “ gradation” of the plates employed. For rays of any assigned wave- 
length, the ‘‘steepness” of the gradation-curve varies according to the region of 
maximum sensitiveness.—(PAi/. Trans., March 2, 1901; Odservatory, November 
IgOI, p. 427.) 

5 In the extreme ultra-violet the spectra would be under-exposed, which tends to 
heighten contrast. The method of copying faint or delicately-graded images on 
“slow” plates, with (if necessary) subsequent intensification, is also available here. 
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the hydrogen series, due (according to our probable view) to the Sirian- 
type companion. The spectrum of the evfer companion is probably 
much too faint to be thus recorded. 

It is of course quite possible that the hydrogen bands in the spec- 
trum of Po/arts itself might also appear in the far ultra-violet, with the 
prolonged exposure which may be necessary to photograph the com- 
panion-spectrum. If so, the methods of increasing contrast, as already 
noted, may suffice to differentiate the two spectra, provided the bands 
are sufficiently well-defined. Otherwise, we must rely upon measure- 
ments of the mean position of the bands, or (with better prospects of 
success) upon a careful study of narrower bands or lines in the com- 
posite spectrum. 

If the primary spectrum be of the first type (e. g., Spica, Algol, 8 
Orionis, etc.), we should look for a secondary spectrum of the same 
general type. But the relative intensity of the two spectra will prob- 
ably vary considerably at different wave-lengths. Our search for 
faint superposed lines, etc., should here extend from the far ultra-vio- 
let to the infra-red, special attention being given to the various meth- 
ods for heightening contrast in the image. 

The case of A/gol is exceptionally interesting. At minimum, the 
light of the secondary body is relatively strengthened. At the oppo- 
site phase (when this body is dehind Algol), its rays are wholly cut off. 
Hence a careful comparison of photographs taken at these phases 
would add much to our chances— otherwise favorable— of detect- 
ing the companion spectrum.’ 

It is worthy of remark that the masses of such secondary bodies 
will in general be notably smaller than those of their primaries, and 
hence the orbital velocities of these bodies will be correspondingly 
large. Thus, many interesting systems, which would otherwise escape 
observation, may yet be brought to light by a systematic search for 
faint secondary spectra. 

J. MILLER Barr. 

ST. CATHARINES, ONTARIO, 

Canada, November 22, 1901. 


* Possible changes in the star’s spectrum, due to its axial rotation, must be taken 
into account. (See the Odservatory, September 1887, p. 320; November 1887, p. 
388 ; and June 1900, p. 254.) The foregoing remarks will apply (with some slight 
modifications) to other variables of the A/go/ type. 
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THE EXPLOSION HYPOTHESIS IN THE LIGHT OF THE 
RECENT PHENOMENA OF WOVA PERSE/. 

In the September number of the Odservatory Miss Clerke criticises 
the explanation of the Vova spectrum published in the ASTROPHYSICAI 
JouRNAL for May of this year (p. 277). She states first that in a few 
hours the expanding gases would be too cool to give out any light of 
their own, and consequently would be unable to produce an absorp- 
tion band. Secondly, “the initial velocities of the expelled gases, even 
if sufficient to carry them finally away from the parent-body, shouid 
be steadily diminished by its attraction.” From this she argues that 
the residual velocities would be inadequate to produce the observed 
separation between the bright and dark lines. 

These remarks would be true enough if applied to the instantaneous 
explosion of a powder magazine, but in the case of a Vova it is evi- 
dent that the outrush of the gases lasts for weeks, and that even if the 
first gases emitted did cool down as she supposes, and cease to absorb 
light, there are constantly fresh supplies of new gases appearing, 
which would maintain the effect observed. The recent photographs 
obtained at the Yerkes and Lick Observatories, however, seein to dis- 
pose of these two objections so completely that little else needs to be 
said. A luminous mass of gas is at the present time found to be 
receding from the Vova in all directions with an enormous velocity. 

The former separation of the bright and dark lines in the spec 
trum according to Vogel corresponded to a relative velocity of about 
450 miles per second, or 225 miles relatively to the star. This veloc ity 
is nearly equal to the maximum velocities observed in the solar explo- 
sions, which, according to Young, sometimes reach 250 miles per 
second. 

That the velocities at present found in the nebula surrounding the 
Nova are much higher than this now seems certain. Assuming a paral- 
lax of o'1, they must be about 100 times greater. This is a result 
which could probably only be obtained from a continuously acting 
force. However these high velocities lately observed may be explained, 
it now seems almost certain that the ova did at first give out con- 
tinuously large volumes of luminous gas in all directions, and if this 
is the case, it seems difficult to see how it could have avoided having 
a spectrum of bright and dark lines such as was actually observed, and 


Lt a 
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such as it was attempted to explain by an explosion in the article 
above mentioned. 
WILLIAM H. PICKERING. 
HARVARD COLLEGE OBSERVATORY, 


November 25, Ig0l. 


.) 
ERRATA 
[He following corrections to M. Rogovsky’s article in the Novem 
ber number of the AsrROPHYSICAL JOURNAL have been sent by the 
author 
Page 239, line 7, for has had read has. 
Page 242, line 4 from foot, de/e the words “ placed in column 7 of 
Table II and.” 
Page 244, Table I, column 3, for —635 read —63.5. 
Page 244, end of footnote, for the oblateness of Uranus, read their 
oblateness. 
Page 246, line 2 from end of footnote, for 8, read 7. 
Page 250, line 6, for 1500, read 1505. 
9 Page 253, line 8, for from the given celestial body, read from the 
surface of the given celestial body. 
Page 254, line 9 from foot, for A5000.5 read A5005. 
Page 254, line 7 from foot, for 5002pmp, read 5002. 
Page 255, line 4, for 1.6, read 10. 
Page 256, line 3, from end of footnote, for Leipzig 1874, read 
Sitzb. d. preuss. Akad. d. Wiss. su Berlin, 1895, 1-25. 
Page 256, line 2, from end of footnote, for /éid., read H. C. Vogel, 
Untersuchungen tiber die Spectra der Planeten. Leipzig, 1874. 
Page 258, line 1 from end of footnote, for Overmann’s read 
Wildermann’s. 
} 
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Theorie und Geschichte des photographischen Objectivs. Von Moritz 
VON Rone. Verlag Julius Springer, Berlin, 1899. 

Dr. vON Roure in his book on the theory and history of the photo 
graphic objective has aimed to gather together from the original sources 
an account of the improvements that have been made in photographic 
lens-construction. ‘The task seems by no means an easy one when we 
consider the number of journals and individual publications that have 
been consulted by him in the preparation of the work. An author 
bibliography covering thirty-seven pages is given at the end of the 
book and is a most valuable guide to the technical literature of the 
subject when the original sources must be consulted. However, Dr. 
von Rohr has given within a small compass a thorough review of the 
works bearing on the Azsfory of the development of the photographic 
lens. His work is entirely historical. The eighty pages of theory con 
sist chiefly of statements of facts concerning lenses and are intended, 
it seems, to give definitions and concise explanations of the errors which 
occur in actual lenses. 

In the theoretical part of his book, Dr. von Rohr gives first the 
Gauss theory and applies it immediately to lenses of small angular 
aperture. He then discusses the “pin-hole” diaphragm and the 
effects of diaphragms of finite aperture. ‘The errors which enter in 
actual practice are next defined. Seidel’s five spherical errors— aberra- 
tion for a point on the axis, non-fulfillment of the sine-condition, 
astigmatism with possible coma, curvature of field, and distortion of 
field are explained with a method of illustrating the amounts of some 
of these errors by graphical constructions. Chromatic aberration for 
thin and thick lenses are the subjects of following sections, and here, 
too, the question of the diminution of the secondary spectrum is raised. 
In connection with the account of chromatic difference of spherical 
aberration a method is given to show the amount for each zone of the 
lens and each line of the spectrum. A short chapter contains some 
remarks on the reflections which occur at the surfaces of a photographic 
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objective and on the loss of light by absorption during transmission. 

The purely historical part of Dr. von Rohr’s book gives according 
to a well arranged plan the different developments in the photographic 
lens and introduces the subject with a short discussion of the condition 
of camera-obscura optics before the invention of the photographic 
process. Attention is called to William Wollaston’s lens and to the 
theoretical work of Airy ‘On the spherical aberration of the eyepieces 
of telescopes.” Mention is made of William R. Hamilton’s ‘ Char- 
acteristic Function’’ which years later was used so cleverly by Maxwell 
in his investigations of the influence of refractions on the character of 
thin pencils of light. 

The history of the real photographic lens is discussed in full. ‘The 
progress of the subject is traced in a national way by a threefold division 
of the book—French-Italian Optics, English-American Optics, and 
German-Austrian Optics. ‘The forms of construction devised by the 
French-Italian opticians are considered first, with the theoretical 
advances made by the same school. Under this division accounts are 
found, among others, of the lenses of Chevalier, of the investigations 
of Foucault and Fizeau on the actinic power of lights of various colors, 
of the work of Breton (de Champ) on astigmatism, and of the contri- 
butions of Adolphe Martin and Wallon to the theory of the photographic 
lens. 

Under the title of English-American Optics are included the 
designs of such men as Andrew Ross, Dallmeyer, Dennis Taylor, and 
Alvan G. Clark, with the theoretical writings of Thomas Grubb and 
Robert Bow. Short biographical sketches of many of the persons 
mentioned in the book are given, while in small type are detailed 
accounts of special investigations. 

Dr. von Rohr is a scientific associate of the great Zeiss firm at Jena 
and one is not disappointed with the thoroughness of his treatment of 
German-Austrian optics. Here is found a discussion of the analytical 
methods of Petzval, Seidel, and Zinke (gen. Sommer), and extended 
accounts are given of the magnificent results of Voigtlander, Steinheil 
and Rudolph. ‘The histories of the aplanatic and anastigmat objectives 
are given at some length and are clear and interesting. Some chapters 
are devoted to scientific glass making. Its improvements are traced 
from Fraunhofer’s time down to the present, and special remark is 
made on the experiments of Abbe and Schott, and Mantois. 


At the end of the volume are drawings of eleven portrait lenses, 
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twenty-two “universal” objectives, nine wide angle objectives and six 
landscape lenses with curves showing their errors of spherical aberration 
and astigmatism. ‘The curves are drawn from the results of trigono- 
metrical calculations made by Dr. von Rohr, the data for the computa- 
tions being given in the body of the book where the various lens types 
are discussed. 

Altogether the work is a thoroughly satisfactory history and is valu- 
able in giving an accurate outline of what has been done up to the 
present in the line of improving the photographic objective. 


STANLEY C. REESE. 
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